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FGGE AND ATMOSPHERIC PREDICTABILITY

Ferdinand Baer
University of Maryland

ABSTRACT

FGGE data and its analyses have made.significant impact on the
prediction community and its understanding of the atmospbhzre. The
detail available from the FGGE data makes understandiny of specific
issues more precise and opens up new questions not previously recog-
nized. The spectrum of issues to which FGGE data may be addressed
includes time scales (stationary and trancient), space scales (global
versus local), regionality (tropics, oceans, and so on), specific
weather phenomena (blocking, monsoons, and so on), and energetics, to
name but a few.

In addition to identifying and highlighting atmospheric processes,
FGGE ‘data can and have been applied to improved atmospheric predictabil-
ity. This has been achieved through model initialization, improved
parameter ization of model forcing, and more thorough validation of
model forecasts, Of particular interest is the increased understanding
of the atmosphere and subsequently its predictability, which may be
obtained through an assessment of the statistical characteristics of
the FGGE data.

INTRODUCTION

Predictability has taken on a highly sophisticated significance in
meteorological circles over the last few years and has challenged the
minds of our most competent scholars. Despite this apparent ascendancy
of a topical issue, predictability has been in the forefront of
meteorological thought and study during the entire development of our
discipline since the Second World War. The prediction problem,
basically nonlinear and essentially intractable deductively without
substantial computing power {(see, for example, Richardson, 1922}, was
champicned by von Neumann as an ideal candidate for application of his
newly developed digital computer in the late 1940s. 5Subsequent to
assembling a small group of scientists at the Institute for Advanced
Study in Princeton, a £ ecast model was developed and prediction skill
was demonstrated (Charney, et al., 19590).
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Thes> early experiments were modest, utilizing the barotropic
vorticity eqguation over a limited domain and showed limited success
with forecasts not much longer than one day over a region smaller than
the North American continent. Not only was the venture a pioneering
one requiring simplicity, but computer resources were restrictive and
completely extended by the simple models. History now shows that model
sophistication developed in consort with the availability of more
power ful computers, ‘

As computer capacity grew, assumpticns imposed in the simpler models
were cast aside. Hemispheric and global models replaced the regional
models, eliminating serious lateral boundary problems. (Ironically,
more recent efforts with limited-area models to predict the mesoscale
have resurrected these early boundary problems). Single-level models
were extended to multiple levels, first with quasi-geostrophy imposed,
and ultimately using the primitive equations. The transition to model
complexity brought with it the issue of proper initial conditions,
since more complex models require additional and appropriate initial
conditions. It quickiy became apparent that observations were not
sufficiently complete to adequately specify the initial stnte for
prediction models. A careful study evolved to determine how chserva-
tions and their analyses could be properly balanced so that prediction
skill with models could be eihanced. (See, for example, Bolin, 1956).

Much of the development of predictive skill with numerical models
was for short-term forecasts (one to two days) and seemed dependent
more on internal and nonlinear dynamics of the fluid as manifest by the
model than on the fo>rces impesed on the fluid by physical or mechanical

processes. However, the study of physical processes and how they force
fluid flow in the models was accelerated, perhaps in association with

models designated to simulate the general circulation. Since scme of
the forcing processes are not on the resolvable scales of models,
parameterization techniques were developed that could apply subgrid-
scale forcing appropriately to the models' resolvable scales. Topog-
raphy was also introduced tu establish boundary forcing. Details of
sea and land processes and their impaect on prediction were left to the
future,

Throughout this evolutionary period in model development and
accompanying predictive skill, it was apparent that our observations of
the atmosphere were inadequate. Not only did we not have suitable
initial conditions to satisfy the requirements of the evolving models,
but we did not have the gqualityv nor quantity of data to understand
phyzical processes that would ultimately lead to improved predictabil-
ity. This awareness led to the development of the Global Atmospheric
Research Program (GARP), which ultimately culminated in the First GARP
Global Experiment (FGGE)}, and gave oiur community the wherewithal to
study more carefully many outstanding problems, intractable without the
FGGE data. As plans for. the FGGE evolved, new questions about modeling
and prediction arose and additional applications of the planned data
were conceived. '

In the late 13960s, Lorenz {1969) provided a definitive limit to
predictability based on theoretical considerations that allowed us to
focus our efforts and to identify those issues that have more or less
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impact on predictive skill within his established bounds. Since then a
large number of foctors have been studied to aid in imp-oving predic-
tion, and the solutions to many of these problems have been substan-
tially enhanced by the FGGE data., Models now depend as much on forcing
and its parameterization as they do on initial conditions, numerics,
and boundary conditions. Models are differentiated by tne time scales
and space ccales that they must predict, and scientists are flirting
with procedures for predicting climate far beyond the prediction
limitiations set out by Lorenz. There has been strong interaction
between the analyses of the FGGE data, their applications to prediction
models, their descripticn of physical processes of the atmosphere, and
subsequent interpretations.

CURRENT STATUS OF PREDICTABILITY

Having had several decades to develop modeling skills, to exploit the
explosion of available computing resources, and more recently to asgsess
a higher quality global data set, what critical problems in predictabil-
ity have been isolated? 7There is clearly ao unique answer to this
question since many problems have surfaced. The process by which this
evolution has proceeded is however illuminating. Models are developed,
compared to observations, and limitations observed. Adjustments are
made to the rodels, and new comparisons are made. Data deficiencies
are discovered that make high quality comparisons questionable, and new
and improved data are required. Thus we come to the FGGE era, which
provides the most recent and highest quality global data set available.
As modeling deficiencies were identified, more and more detailed
questions relating to predictability arose. 1In particular, whereas
early modelers were ccntent to evaluate their predictive skill by
simple scalar numbers such as the mean height of the 500 mb surface,
current modelers ask for more sophisticated measures by which to assess
their predictive capabilities., Baumhefner (1984) has recently addrecsed
this problem, suggesting a variety of possikle tests and describing
predictability as a function of space scales. Aathes :{1984) has
discucsed the question in application to mesoscale predictability.
Recognizing that each new development in predictive skill generates new
problems,. let us assess our current situation.

Methodology

Numerous laboratories in many countries have experimented with
representational procedures to optimize the efficiency and quality of
Predictions at minimum computational cost. These techniques convert
differential equatimns to manageable computational format and include
finite differences, finite elements, and spectral expansions. Although
not universally adopted, the spectral method is in current fashion for
the horizontal representation in most global prediction models. This
choice may be based on the ease with which both truncation and
interpretation of data may be accomplished.
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For model representation with atmospheric height, the preferred
variable is currently a o-coordinate, incorporating the advantagés of
pressure (the hydrostatic approximation) and utilizing the coordinate
to represent the earth's topographic boundary as a surface. However,
it has long been known that isentropic surfaces are material surfaces
for adiabatic motions and may be quite suitable for the careful analyses
of atmospheric behavior. 1Indeed, recent isentropic analyses of FGGE
data by Duncan (1983) and Johnson (1983) support this contention and
provide insight into the structure of the longwaves, the forcing of
those waves, and the atmospheric mass circulation. Although prediction
with entropy as the vertical coordinate is not necessarily recommended,

diagnosis of model output as well as observations on such surfaces is
ingightfnl

13D AR R4 P Y

Perhaps the most exciting and interesting development in the area of
modeling methodology has been the application of normal mode theory to
prediction models. This process identifies the structures of the
linearized prediction equations that are characteristic of the system,
i.e., which diagonalize the equations. These _tructures or vectors
also have characteristic frequencies, both Rossby or gravity, that
define their temporal motions. As models have become more complex, the
corresponding normal mode structures have also become more complex. ) 4
Yet they can provide deep insight into the behavior and predictability ;
of the atmospheric system they represent, Model forcing can stimulate
one or more of these modes and lead to a better understanding of how
atmospheric processes evolve. Indeed, nonlinear models can be repre-
sented by an expansion in their linear modes and integrated in that
format. Experiments utilizing this procedure have bzen performed with
the shallow water equations by Kasahara (1977).

Initial Conditions

The dependence of predictability on observational data is most
pronounced in the need for suitable initial conditions. As models
evolved in complexity and detail, initial condition requirements grew
apace. Since observations are not taken uniformly throughout the
atmosphere and models require uniformity of initial conditions,
substantial effort has gone into developing suitahle interpolation
procedures. Two analysis procedures have been prominently used. A
local weighting procedure that determines values at a point by weighting
observations in the vicinity according to their distance from the point
in question was used for many years by NMC and was developed by Cressman
(1959). 1In recent years this method has been supplanted by including
data statistics into the weighting functions; it is known as the optimum
interpolation analysis. To include a knowledge of known physical rela-
tionships between some variables, coupling is included when possible in
a multivariate procedure (see Phillips, 1982). This process has been
shown to provide superior predictions and is in use at most prediction
centers. The alternate procedure, whereby observed data are projected
onto global functions that are themselves used as initial conditions or °
evaluated at the needed points of a model, also incorporates physical
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relations between the variables and was used for many years at NMC by
Projection onto Hough-Rossby modes and denoted as the "Flattery
Analysis.”

Although the optimum interpolation analysis schemes are considerably
more effective in providing adequate initial conditions to models,
limitations in density of observations (both time and space) lead to
imbalances in initial field variables that can cause severe instabili-
ties in model integrations, thereby destroying predictability., This
deficiency has been countered by developing initialization .procedures
that are based on model characteristics. The most popular of these is
normal mode initialization, whereby the initial data are adjusted to
the normal modes of the model, reducing or removing the tendencles of
the higher frequency gravity modes that are normally not seen in the
observations. The effect of tiiis activity has been pronounced improve-
ment in predictability ovec the first day of global prediction, and the
topic has been carefully discussed by Leith (1980) and Daley (1980).

Since soue observations are superior in quality and density to
others and some observed variables have more impact on prediction
systems than others, variational techniques have been devised to
incorporate this information into the initializing schemes. Recent
studies (Williamson and Daley, 1983) recognize that data analysis and
initialization are not independent procedures, but both are related to
the adequate preparation of observations for use as initial conditions
in prediction systens. Consequently, efforts are now under way to
integrate these procedures, analyzing observations to £it most suitably
a given model and including the model's idiosyncrasies through initial-
ization into the final objective analysis.

Since data are retrieved and available during the course of a model-
integration period, incorporation of this data in an asynchronous
fashion with time during the model run may have a positive effect on
prediction. Success with such data assimilation has been reported by
Lorenc (1982) and Stern (1982) as well as by other prediction centers.
Yet the FGGE data have pointed out clearly the shortcomings of our
routine data observations and their negative impact on predictability.

Julian (1982) has shown that tropical analyses, particularly the diver-

gent flow, are poorly represented i) initial conditions and inhibit
prediction success. Moreover, the shortage of data over large oceanic
areas is clearly a limiting factc: in advancing our ability to forecast
shorter scale events.

Observed Factors Impacting on Prediction

Using the methods and technigues developed over years of research,
numerous circulation features have been extracted from atmospheric
observations. Analyses of the FGGE data set have been particularly
fruitful in isolating processes that, if properly modeled, could yield
superior predictive skill. A particularly relevant feature has
gradually come to light by separating the wavy flow of the atmosphere
into transient and stationary components. Not only have some signifi-
cant modes with important frequencies come to light, but the impact of

s hr o Rt A o E Ak a s o



392

forcing on some of these modes has been investigated. It appears that
the transient eddies may determine the character of the stationary

flow, and these effects are both of a barotropic and baroclinic nature.
The observations of wave interactions on various time scales was

first studied by a simple harmonic decomposition in longitude at
various latitudes, and on different pressure surfaces. However, it was
noted that the "normal modes® of some atmospheric models, if used for
projection of atmospheric observations, might provide even more insight
into the interactive forcing process. Analyses of this type have
highlighted some forcing processes in the atmosphere. It now appears
that Pacific North American (PNA) patterns are set up by certain
anomalous forcings of particular modes of the flow field and that
Sea-surface temperature anomalies can lead to pronounced fiow pattern
effects, These observations coupled with the transient-stationary wave
interactions give a valuable insight into the processes that models
must emulate if they are to succeed in extending predictability skill.
Observational evidence provided by Holopainen (1983) and Madden and
Tribbia (1983) coupled with simple model experiments of Machenhauer
(1983) and Simmons et al. (1983) have led the way in this area. Models
must be shown to reproduce the observed interactions noted here if they
are to succeed predictively.

Other factors applicable to prediction include the persgistence of
anomalies as described by Dole and Gorden (1984) and the impact of
heating on the position of primary troughs in the longwave patterns
seen by Paegle (1983). Many of these features can be cataloged and
used for testing purpczes to assess the quality of prediction models.

Atmospheric Features Tested by Prediction HKodels

Insight into atmospheric flow gained from observations has led modelars
to test their predictions against those observations. The normal mede
approach has been porticularly useful not only in improving initial
conditions, but in diagnosing both observations and model output.
Dominant modes can be identified in observed fields and their behavior
followed in time, and the corresponding model mode behavior can be
compared. Focusing on significant modes, model performance car be
evaluated and suitable adjustments tested. This procedure szems to be
gradually gaining favor. .
Statistics of atmospheric turbulence has long attracted modelers for
its potential in parameterization of subgrid-scale interactions.
Theory identifies energy and vorticity statistics that are difficult to
isolate in observations because of the severity of the approximations
required. Model statistics vary from expectations of theory when the
models involve more physics and dynamics than theory. Using vertical
mean energy statistics derived from FGGE analyses, Boer (1984) observed
a -5/3 slope in the spectrum of the large waves and a -3 slope in the
shorter waves. Other observed statistics were less in agreement with
theory. He then derived statistics from the Canadian Metecrological
Center's forecast model., Although comparison of these prediction
statistics with FGGE observations was not overwhelming, the process
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indicates a methodological approach that should lead to improved
predictability.

Topography .has long been known to have a pronounced impact on the
atmosphere and has been included in most prediction models. Details of
Space scaling and truncation associated with topography have recently
been studied more carefully. As a result, Tibaldi (1984) has shown
that appropriate smoothing of topography as input into a model, known
as "envelope orography,® has a positive effect on model climate drift,
thus reducing systematic prediction error. Additional benefit is seen
in the ultralong, low-frequency planetary waves that have shown
resistance to adequate prediction in the past.

Additional modeling studies involving forcing have been proveked by
the availability of the high quality FGGE data set. An incomplete list
of forcing factors under investigation include clouds, radiation,
vertical diffusion, land-sea surface effects, evapotranspiration, and
albedo, to name just a few, Shukla (1984) has pointed out, based on
experience with a general circulation predivtion model, that growth of
dominant instabjlities in the atmosphere delimit its predictability.
These instabilities de end on season, the circulation regime, and the
presence of quasi-stationary asymmetric forcing among other factors.,
Modeling of these features and comparison with observations should
guide us to improved prediction techniques.

Finally, the availability of the FGGE analyses of ¢lobal data has
stimulated a study of large-scale model intercomparisons. As reported
by Temperton et al. (1983), no less than eight different models
representing forecast centers were compared bazed on the FGGE analyses
as initial conditions. Although this study did not directly support
model improvements, it highlighted prediction deficiencies that were
Seen systematically in all models. 1Information of this type is
invaluable if predictive skill is to be enhantced.

ADDITIONAL APPLICATIONS OF FGGE. DATA

Having seen the wide variety of problems related to predictability to
which FGGE data have been directed, one may well ask if other meaning-
ful applications exist. Here the development of the normal mode pro-
cedure is briefly reviewed for a clue. Model normal modes have proved
excepiionally useful in the initialization problem, allowing modal
separation with frequency and suggesting procedures for amplitude
control on high frequency gravity modes. The manifold representation
presented by Leith (1980) has proved particularly enlightening.
Previous discussion indicates that representation in normal modes also
gives insight into model forcing, highlighting particularly relevant
modes. Models have been presented in normal mode form, where the
integration actually is accomplished in modal space. Atmospheric data
may be projected onto model modes to give insight into how that data
are distributed among the modes as well as to establish how that
distribution changes with time.

In these discussions the normal mode problem from the atmospheric
perspective has not been considered. Given the nature of the
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atmosphere as a continuum, it is reasonable to presume that it has no
characteristic modes. However, when viewed as a fluid of discrete
points, which corresponds to how its properties are measured, such
modes may be definable. 1Indeed, some few modes seem to be identifiable.
Madden (1983) has detected a l6-day wave, and Lindzen et al. (1984)
have noted a 5~day wave. Perhaps the data available to date can yield
no more. If one sets up a finite net of points over the atmospheric
domain, characteristic structures may be established from data (FGGE
data in particular) that best fit that data in a statistical sense.
Although such a procedure precludes a discussion of frequency, some
effort in that direction may be possible. Additionally, some of these
statistical modes may have strong persistence.

Characteristic atmospheric structures can be generated from a time
series of data by developing a covariance matrix of the data. The
eigenvectors of that matrix represent the characteristic vectors and
the eigenvalues determine their relative importance in the time record.
Data can be considered globally, hemispherically, or regionally. The
total field cun be analyzed or the time mean can be removed yielding
information about the transient component. Details on structures in
the vertical coordinate, in the planetary waves, or on latitudinal
variability can be determined. Dependence on seasonality can also be
assessed,

Some calculations generating structures of the FGGE IIIb SOPl (Baer,
1982) have been reported on. In those calculations, the hemispheric
wind field was projected onto solid harmonics, and stream field
coefficients were developed on 12 pressure levels to 50 mb for 120 time
records. Characteristic vertical structures were generated from the
covariance matrices of each planetary wave. Those structures were
compared to correspending normal mode structures of atmospheric models
(see, for example, Kasahara and Shigehisa, 1983) and showed similari-
ties., The data set was then reprojected onto these vertical modes,
yielding horizontal ceoefficients in each vertical mode. For each
vertical mode and planetary wave, characteristic latitudinal structures
were generated. Since the normal modes in latitude for most models are
Hough functions that do not include shearing current, favorable compari-
son of the statistical modes of the FGGE analysis with Hough modes has
not yet been found. However, when the observed data are projected onto
the statistical latitudinal modes, a time trend for each mode may be
sought. Such trends should give insight into the frequencies of
observed atmospheric structures, however this analysis is not yet
complete,

Can one gain predictive skill from structure analysis of the type
indicated here? Perhaps models could produce improved predictions if
integrations were performed in vertical modes rather than on pressure
surfaces, particularly if those modes reflected the statistical
properties of the atmosphere. Perhaps models could produce improved
prediction if integrations were performed in characteristic latitudinal
structures rather than at latitudinal gridpoints or Legendie poly-
nomials. Perhaps models could be more effectively truncated if unimpor-
tant modes with nonrelevant. frequencies could be readily identified.

It seems evident that projection of model output on structures that are
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particularly significant in observations of the atmosphere should
provide more insight into the energy exchange processes that take place
in models. Such information should also indicate the modeling changes
needed to provide enhanced prediction skill.

CONCLUSIONS

It should be evident from the previous discussion that accessibility of
data and predictability of atmospheric events are inseparably inter-
twined and feed on one another. As one obtains more data, understanding
of atmogpheric processes grows, and modeling abilities advance. Scien-
tists seek the greatest possible resolution in both time and space from
the measurements taken of the atmosphere. These measurements should be
of high quality (small errors) and should include as many of the physi-
cal and dynam.cal variables as feasible, within our capabilities.
Clearly, the FGGE was a recent nigh point in such an endeavor and has
provided the best global data et yet attainable. Correspondingly,
scientists need sophisticated models that can reproduce the processes
that occur in the atmosphere in order to achieve the best predictions
within theoretically identified limits,

Clearly, observational data are required for model initial condi-
tions; without high quality data, predictions with models are not
feasible. Additionally, data of comparable quality are needed to test
model predictions, i.e., to determine how well a chosen model can
emulate the real atmosphere. Finally, quality data are required to
diagnose the processes that the atmosphere undergoes so that this
information can be incorporated into models, thereby enhancing the
models' prediction skill,

Observed data can be used to achieve improved predictability in
several ways., Each observation can be used directly or it can be used
statistically by averaging over time and/or space. Data statistics
have already shewn utility in optimum interpolation analyses as well as
for initialization. Statistics aid in diagnosing model inaccuracies
and also yield characteristic features of observed fields tiat may
assist in modeling development.

Efforts to make the most of information available from the FGGE data
as applicable to the prediction problem are intense. New observations
generate excitement about the future potential for detailed prediction.
Continuing research should highlight yet undiscovered limitations that
will ultimately lead to a need for new and more refined observations,
and perhaps for additional and as yet unconsidered variables.

ACKNOWLEDGMENT

This report has been prepared with support from NSF/NOAA Grant No.
ATM-8212201 to the University of Maryland.

16<

."

v



BTy e ey TN

g - FURE gt e AT S LS U s iiiells eeariea mam A s A s g e e e e g ey et n A e e
. T T . s e e e g E v

39
REFERENCES

Anthes, R. A. (1984). Predictability of mesoscale meteorological
phenomena. Predictability of Fluid Motions, AIP Conf. Proc. 106,
Amer. Inst. of Phys., New York, 247-270.

Baer, F. (1982). Characteristic structures of atmospheric flow and
temperature as seen from FGGE analyses. Proc. 14th Stanstead
Seminar, Meteo. 127, 44-51.

Baumhefner, D. P. (1984). The relationship between present large-scale
forecast skill and new estimates of predictability error growth.
Predictability of Fluid Motions, AIP Conf. Proc. #106, Amer. Inst.
of Phys., New York, 169-180.

Boer, G. J. (1984). Observational aspects of large-scale atmospheric
turbulence and predictability, Predictability of Fluid Motions, AIP
Conf. Proc. $#106, Amer. Inst, of Phys., New York, 55-66.

Bolin, B. (1956). An improved barotropic model and some agpects of
using the balance equation for three-dimensional flow. Tellus 8,
61-75.

Charney, J. G., R. Pjortoft, and J. von Neumann (1950). Numerical
integration of the barotropic vorticity equation. Tellus 2, 237-254.

Cressman, G. (1959). An operational objective analysis system. Mon.
Wea. Rev, 87, 367-374. i

Daley, R. {(1980). On the optimum specification of the initial state
for determinant forecasting. Mon. Wea. Rev. 108, 1719~1735.

Dole, R. M,, and N. D. Gordon (1984). Asymmetries in persistence
between positive and negative znomalies in persistent ancmaly
regions. Predictability of Fluid Motions, AIP Conf. Proc. #106,
Amer. Inst. of Phys., New York, 181-204.

Duncan, C. N. (1983). Some circulation statistics in isentropic
coordinates. IAMAP Symposium on Maintenance of the Quasi-Stationary
Components- of the Flow in the Atmosphere and in Atmospheric Models,
PWPR, WMO, Paris, 29 August to 2 September 1983, 15-18.

aolopainen, E. (1983). Observational studies on the interplay between
the long-term stationary flow and two kinds of large-scale transient
eddies in the atmosphere. IAMAP Symposium on Maintenance of the
Quasi-Stationary Components of the Flow in the Atmosphere and in
Atmospheric Models, PWPR, WMO, Paris, 29 August to 2 September 1983,
23-24. ‘

Johnson, D. R. (1983). On the forcing and maintenance of the
isentropic zonally averaged circumpolar vortex, IAMAP Symposium on
Maintenance of the Quasi-Stationary Components of the Flow in the
Atmospnere and in Atmospheric Models, PWPR, WMO, Paris, 29 August to
2 September 1983, 19-22,

Julian, P. R. (1982). Objective analysis of streamfunction and
velocity potential for analysis of tropical wind fields. Proc. 1l4th
Stanstead Seminar. Meteo. 127, 100-~105.

Kasahara, A. (1977). Numerical integration of the global barotropic
primitive equations with Hough harmonic expansiors, J. Atmos. Sci.
34, 687-701.

Kasahara, A., and Y. Shigehisa (1983) . oOrthogonal vertical normal
modes of a vertically staggered discretized atmospheric model. Mon.
Wea. Rev. 111, 1724-1735.

NI

ikt ek



K et ey e s A e e e g e

B R R PR

XA

Y

L LT T TR TR

397

Leith, C. (1980). Nonlinear normal mode initialization and
quasi-geostrophic theory. J. Atmos. Sci. 37, 958-968.,

Lindzen, R. S., D. M. Strauss, and B. Katz (1984). an observational
8tudy of large-scale atmosplieric Rossby waves during FGGE. J.
Atmos. Sci. 41 (in press). -

Lorenc, A. C. (1982). oOn direct data assimilation into a forecast
model. Proc. l4th Stanstead Seminar. Meteo. 127, 126-131,

Lorenz, E. N. (1969). The predictability of a flow which possesses
hany scales of motion. Tellus 21, 289-307.

Machenhauer, B. (1983). The quasi-gtationary and large-scale transient
components of the “low in the atmosphere and in an atmospheric model

analyzed in terms of model normal modes. IAMAP Symposium on
Maintenance of the Quasi-Stationary Components of the Flow in the

Atmosphere and in Atmospheric Models, PWPR, WMO, Paris, 29 August to
2 September 1983, 27-28.

Madden, R. A. (1983). The effect of the interference of traveling and
stationary waves on time variations of the large-scale circulation.
J. Atmos. Sci. 40, 1l10-1125,

Madden, R. A,, and J. J. Tribbia (1983), Seasonally forced large-sccale
waves as depicted by Hough functions. IAMAP Symposium on
Maintenance of the Quasi-Staticnary Components of the Flow in the
Atmosphere and in Atmcapheric Models, PWPR, WMO, Paris, 29 August to
2 September 1983, 29-3G.

Paegle, J. (1983). Longitudinally asymmetric heating and ultralong
waves. IAMAP Symposium on Maintenance of the Quasi-Statiocnary
Components of the Flow in the Atmosphore and in Atmospheric Models,
PWPR, WMO, Paris, 29 August to 2 September 1583, 39-42.

Phillips, N. a. (1982). On the completeness of multivariate optimum
interpolation for large-scale meteorological analysis. Mon. Wea.
Rev. 110, 1329-~1234.

Richardson, 1. F. (1922) . Weather Prediction by Numerical Process.
Cambridge University Press, London, 236 pp. (hover edition, 1865) .

Shukla, J. (1984). Predictability of a large atmospher ic model,
Predictability of Fluid Motions. AIP Conf. Proc. #106, Amer. Inst.
of Phys., New York, 449-456.,

Simmons, A. J., J. M. Wallace, G. W. Branstator (1983). Barotropic
wave propagation and instability, and atmospheric teleconnectinn
patterns. J. Atmos. Sci. 40, 1363-1392.

Stern, W. (1982). Four-dimensional assimilation at GFDL using FGGE
data. Proc. 14th Stanstead Seminar, feteo. 127, 150-159.

Temperton, C., T. N. Krishnamurti, R. Pasch, and T. Kitade (1983).
WGNE Forecast Compar ison Experiments. Report No. 6, World Climate
Rescarch Program, WMO, Ceneva, November 1983, 104 PP.

Tibaldi, S. (1984). On the relationships between systematic error of
the ECHMWF forecast model and orographic forcing. Predictability of
Fluid Motions, AIP Conf. Proc. #106, Amer. Inst. of Phys. New York,
397-~418.

Williamson, D. L., and R, Daley (1983). A unified
analysis-initialization technique. Mon. Wea. Rev. 111, 1517-1536.

18<

e L

it 1 £ ol ke s




IMPACT OF FGGE ON DIAGNOSES OF THE GENERAL CIRCULATION

Richard D. Rosen
Atmospheric and Environmental Research, Inc,

ABSTRACT

Becuuse of the tremendous efforts devoted during the FGGE to the
collection and analysis of observations taken over the globe from an
unprecedented variety of platforms, expectations were high that new
features of the general circulation would be revealed. Comparisons of
monthly mean circvlation fields derived from Level IIIb analyses with !
those derived from analyses based on just the conventional rawinsonde
data do, indeed, point out a number of features missed by the station
network during FGGE, and possibly in earlier years as well. For
example, the station-based analysis of the 200 mb field of transient
eddy momentum flux im Jahuary does not include a significant region of
northward flux over the northeast Pacific that is contained in Level
IIIb analyses. In addition, experiments in which the impact of the
FGGE satellite data was tested by withholding them from IIIb analyses
indicate that these data did have some effect on circulation statistics,
especially over the southern hemisphere, although the effect generally
was not large.
Several studies however have pointed out that a number of significant
differences exist in circulation fields derived from the various Level
IITb analyses. For example, differences in the strength of the January
Hadley cell between the GFDL and ECMWF analyses are as large as 35
percent, and there are some locations over the northern hemisphere
where the 200 mb zonal wind in January differs by 10 m/s between these
two analyses. Calculations of the global energy cycle based on the
GFDL and ECMWF analyses are significantls different as well. 1In
addition, the uncertain quality of some ol *he FGGE IIIb moisture and
vertical motion fields raises doubts azbout whether new insights into
the role of these fields in the general circulation will be gained from
the FGGE data. Overall, therefore, a sense of disappointment emerges
that the FGGE analyses have thus far failed to live up to the expecta-
tion that they would yield more definitive general circulation
st_tistics. The shortcomings in the Level IIIb analyses need to be
rectified before full confidence can be placed in results pertaining to
the genecral circulation that are based on such modern data assimilation
approaches.,
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INTRODUCTION

From the standpoint of general circulation research, the FGGE came at &
pcopitious moment. By the early 19708, the understanding of the
general circulation seemed to be in fairly good order. Indeed, Lorenz
(1970) estimated at that time that the theory of the average general
circulation was 80 percent complete, at least for an ideal dry atmo-
sphere. Lorenz also noted however that the theory of fluctuations of
the general circulation was still in its infancy and that "we do not
even know whether :he year-to-year variations are mainly systematic or
mainly randcm."

Later during the 1970s, the subject of the general circulation's
interannual variability became of more nractical concern as a series of
unusually severe winters struck many po.tions of the world. It became
clear that if one were to seek the cause for such fluctuations in-the
general circulation, then more precise measurements of the state of the
general circulation would be needed. Although the rawinsonde station
network had been sufficient to delineate the average general circula-
tion and its annual cycle (Oort and Rasmusson, 1971), the gaps in this
network would have to be filled if we were to unambiguously detect real
interannual variations in the general circulation.

Thus the stage was set for FGGE to make an impact on diagnoses of
the general circulation. Although FGGE was to represent just a one
year effort, the data taken that year were to be the most extensive
ever. Expectations were high therefore that the general circulation
Juring that year would be determined to unprecedented accuracy and that
new features of the general circulation might be ra2vealed. Moreover,
it was hoped that the FGGE data would allow important new progress to
be made in two areas of general circulation research that had been
stymied for lack of accurate data: the role of vertical fluxes of heat
and momentum in the general circulation, and the behavior of water
vapor and the hydrological cycle in the general circulation.

If FGGE were to provide more precise circulation statistics, then
these would have to be based on more data than those from the existing
rawinsonde.network., Although efforts were made to upgrade this station
network for FGGE, Figure 1 illustrates that significant gaps in the
distribution of upper-air stations remained. Of course, the design for
FGGE recognized early on that such gaps would exist, and other systems,
particularly satellites, were looked upon to fill the voids. The data
assimilation task however would then have to take into account the very
different natures in time and space of the different observing systems,
a complex and relatively novel undertaking. At the time of the experi-~
ment, it was certainly unclear what the effect of the assimilation
procedures on diagnoses of the general circulation would be.

In the next section, a number of studies that have utilized . ¢
various Level I1IIb data sets to diagnose the general circulation Quring
FGGE are reviewed. Only IIIb results are dealt with here because these
are presumed to be based on the most complete set of observations
possible, However many studies of the general circulation have used
the operational IIla data sets from 1979 that did benefit from the
enhanced FGGE observations., The studies by Koehler and Min (1984) and
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van Loon (1980) are relevant examples. Space limitations however
preclude a discussion of these or, for that matter, of every one of the
genera. circulation studies that have used the IIIb data. Also, results
for the southern hemisphere or for diabatic heating in the general cir-
culation are explicitly dealt with elsewhere in this report. 1Instead,
the focus here is on the subset of studies that reveals information
about the impact of FGGE itself on diagnoses of the general circulation,
particularly with regard to traditional circulation statistics for the
northern hemisphere, Finally, the paper concludes with some perspec-
tives on both the past and possible future impacts of FGGE on general
circulation research.

DIAGNOSTIC STUDIES OF THE FGGE GENERAL CIRCULATION
ECMWF Analyses

The first set of PGGE Level IIIb analyses to be completed was that
generated by the European Centre for Medium Range Weather Forecasts
(ECMWF) . Not surprisingly, in light of the above discussion, the
earliest diagnostic studies of the general circulation based on these
analyses were aimed at discovering not only whether new features of the
circulation had been captured, but also what effect the assimilation
procedures might have had on circulation statistics. For example,
Kanamitsu (1981) concluded that the FGGE observations did have an
impact on monthly mean flow fields oveér ocean regions based on com~
parisons with older station-based climatologies. It was unclear how
much of the difference was real, or how much should be attributed to
normal interannual variability or to biases in the ECMWF analyses.

With respect to the latter, Kanamitsu noted that the ECMWF initializa-
tion procedure yielded unrealistically weak divergences in the tropics,
including a weakened Hadley cell., Moreover, although the uninitialized
u and v fields could be used to depict realistic large-scale velocity
potential fields, the vertical motions derived from these caused
undesirably large residuals in energy budget calculations. Kanamitsu
concluded that "the guantitative evaluation of the vertical motion
field...still seems to have some difficulties.”

Among the more recent evaluations of the ECMWF FGGE analyses is the
work by Lorenc and Swinbank (1984), who attempt to assess the accuracy
of circulation statistics derived from these analyses in light of what
is known about the data assimilation procedures. They conclude that
the ECMWF analyses provide useful new information, for example, with
regard to height fields over the southern hemisphere. On the other
hand, they note that the ECMWF anralyses tend to overestimate transient
eddy momentum fluxes in data-sparse regions such as over the southern
hemisphere. In addition, they point out that a variety of factors,
including the smoothing effect of the vertical interpolations in the
ECMWF system, make the ECMWF analyses unsuitable for moisture conver-—
gence calculations. Indeed, the basic humidity fields themselves are
suspect because, as the authors note, humidity observations were
erroneocusly weighted in the assimilation procedures for some portion of
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FGGE. Chen and Vorwald (1984) have also pointed out that the ECMWF
moisture fluxes are questionable in the tropics.

GFDL Analyses

The other complete set of rGGE Level IIIb analyses now available is
that produced by the Geophysical Fluid Dynamics Laboratory (GFDL) of
the National Oceanic and Atmospheric Administration. An early com-
parison between the ECMWF and GFDL analyses was Derformed by Kung and
Tanaka (1983), who computed elements of the global energy budget with
both data sets. The authors discovered "a twofold difference in the
intensity of the energy cycle" between the two analyses, which "implies
some fundamental differences in these data sets and thus in.their
description of the general circulation.” They attributed t@is differ-
ence tc the different data assimilatiom procedures used at the two
centers. The GFDL analysis appeared to yield the more realistic energy
cycle and was utilized by Kung and Tanaka (1984) to perform more
detailed studies of the spectral character of energy transformation
during FGGE.

Recentlv, Rosen et al, (1984) undertook some comparisons of
circulation statisti¢s based on the IIrb analyses with those derived
from data taken at the PGGE upper air stations such as depicted in
Pigure 1. Two different versions of station analysis were performed,
marked by different type< of initial guesses (one utilizes a zonal mean
initial guess field; the other allows for zonal asymmetries). In
Figure 2, cross-sections of [u] taken from this study are presented.
The agreement between the GFDL and station analyses is generally good,
but this belies more significant regional differences such as those
evident in Figure 3. For example, the station-based analyses tend to
underestimate the extent of the strong winds in the exit region of the
east Asian jet, a result obtained in previous studies as well. RAlso,
both station analyses place a local minimum in the zonal wind field
east of the Arabian peninsula, whereas the GFDL analysis of U contains
a local minimum over the subtropical Atlantic that is not present in
the station analyses. Because all these differences occur in station-
sparse regions, Rosen et al. assumed that the GFDL analyses are
superior in these areas.

A more surprising result emerges however when the GFDI analyses of i
at 200 mb are compared with those from the ECMWF, as in Figure 4.
Differences as lazge as 10 m/s occur, including in the exit region of
the east Asian jet. The other area of large differences is over
central Asia where plenty of conventional data were available to both
analyses, as shown in Figure 5. Rosen et al. concluded that "the
magnitude of these differences in the IIIb analyses of U provides a
disturbing measure of the limitations in our ability to properly depict
even this fundamental field." Astling (1984) also presents evidence of
important differences between the GFDL and ECMWF 200 mb wind fields.
For example, over South America during January 6 to 25, he finds mean
wind speeds in the GFDL analysis that were more than double the LCMWF
values at many grid points.
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U, ms-! 200 mb January 1879
STATION STATION (ZONAL 1.G.)

FIGURE 3 Hemispheric maps of the mean zonal velocity at 200 mb for

January 1979.
analysis and th
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o

20N . . )
300w 2000
FIGURE 5 Map of the zonal velocity at 200 mb for January 1979 in the
region from 20%N to 40°N and 150° to 300°W calculated from the

GFDL (top) and ECMWF (middle) Level IIIb analyses. Isolines are drawn
at intervals of 15 m/s; also displayed are the monthly mean values of G
at the rawinsonde stations that passed the cutoff criterion for the
month. 1In the bottom panel is the difference, GFDL minus ECMWF, with
isolines drawn at intervals of 5 m/s and negative values shaded.

As for the meridional component of the mean wind field, Figure 6
presents zonal cross-sections of the mass streamfunction for two months
of the FGGE. In agreement with the studies cited earlier, the northern
hemisphere Hadley cell is noticeably weak in the ECMWF analysis both
months. Indeed, the maximum in January is some 35 percent smaller than
in the GFDL analysis. The GFDL streamfunction for January appears to
be realistic and resembles the station analyses but for two particulars.
First, the vertical gradient of ¢ in the lower levels of the tropics
is much stronger in the GFDL analysis, leading to a maximum value of
¢ that is 20 percent larger than the average of the two station
maxima. Second, this central value of $ is located 200 mb closer to
the surface in the GFDL analysis than in the station analyses. These
differences are related to a more intense region of tropical low level
zonal mean northerlies, which are confined more strictly to the lower
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half of the atmosphere in the GFDL enalysis. This may be an instance
in which the FGGE data have provided us with a more precise measurement
of the Hadley cell, historically a difficult feature of the general
circulation to quantify. Note, by the way, that in June the GFDL
analysis yields a southern hemisphere Hadley cell that is considerably
stronger than in the other analyses.

Questions have been raised by Julian (1984), however, about the
quality of the GFDL analyses in the tropics. He suggests that the
analyses often "ignore the observed data" and “on scales less than the
Planetary are much too creative.® On this second point, there seems to
be little doubt that the GFDL analyses contain a great deal of detailed
structure. This is evident, for example, in the naps of the transient
eddy momentum flux, u'v', in Figure 7. Also evident from this figure
is “hat the station network appears to have missed some important
features in the field, most notably over the Pacific between Hawaii and
the west coast of the United States, but elsewhere over the Atlantic as
well. Presumably, the intensity of such features as the east Pacific
center has also been missed by earlier general circulation studies that
were based on the conventional rawinsonde network. On the other hand,
it is interesting to note that the east Pacific center can be generated
by a general circulation model into which no data have been assimilated
(Figure 8), thereby raising the question of how model dependent this
feature may be in the Level IIIb analyses,

The zonal mean field of transient eddy momentum flux, [0'Vv'], in
Figure 9 dces indicate that differences as large as 30 percent exist
between the s.ation and GFDL analyses in the region of the maximum in
this field. 1Interestingly, the results from the ECIF analysis given
by Kanamitsu (1981) for January agree more closely with the ctation-
based results than with the GFDL results. The ECMWF picture also
agrees with the station analysis in the tropical upper atmosphere in
January, with both yielding much smaller values of [u'v'] than the GFDL
analysis.

Although it would appear from the comparisons of [U"Vv'] that there
is considerable uncertainty in the assessment of second-order circula-
tion statistics with the FGGE data, this is pot universally true.

Thus, the cross-sections of [v'T'] in Figure 'y show generally close

agreement between the station and GFDL analyses. The maps of V'T' in
Figure 11 also show good overall agreement, particularly in June. The
more detailed structure in the GFDL analysis is plainly evident. however,
a result which is highlighted in Figure 12. 1In addition, there is at
least one area of substantive disagreement in January, namely, in the
north Pacific near the dateline, where the station analysis appears to
have missed a local positive maximum in the field.

The eddy flux fields can be used to help quantify the atmosphere's
energy cycle during FGGE, and a number of studies on this subject have
already been undertaken., In addition to the works by Kung and Tanaka
(1983, 1984), Chen and Buja (1983) have used the ECMWF IXIb analyses to
study the difference between the two hemispheres in the annual variation
and 1n the vacillation of atmospheric energetics. As for the energy
cycle in the northern hemisphere from the GFDL analyais, Figure 13
indicates that it is not very different from what could be deduced from
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; FIGURE 7 (a) Hemispheric maps of the transient eddy flux of momentum
at 200 mb for January 1979 based on the station and the GFDL level IIIb
. analyses. Isolines are drawn at intervals of 50 m4s™<., Negative

5 values are shaded and indicate southward fluxes. (b) Difference,
station analysis minus GFDL analysis, of the two fields in 7a. Isolines
are drawn at intervals of 50 ms™ <4, Negative values are shaded and
indicate stronger northward or weaker southward fluxes in the GFDL
analysis.
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FIGURE 9 Cross-sections of the transient eddy flux of momentum for
January and June 1979 based on the station and the GFDL level IIIb
analyses. Negative values are shaded and indicate southward fluxes.

the station data alone. There are two differences worth noting
however., The first of these is in C(Py, Ky) in both months shown,

not a surprising result in light of this term's dependénce on [V]. The
second difference is in C(Kpgs Ky} in January, when the GFDL

analysis actually yields a negative value for this barotropic
conversion term., This behavior results in large measure from the
strong downgradient flux of [u'v'] in the GFDL tropical upper
atmosphere, which, as noted above, is not so prominent in either the
station or ECMWF analyses that month.
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FIGURE 10 Cross-sections of the transient eddy flux of heat for
January and June 1979 based on the station and the GFDL level IXIb
analyses., Negative values are shaded a~d indicate southward fluxes.

Finally, with regard to the GFDL analyses, Figure 14 presents the
field of monthly mean specific humidity at £50 mb for June. 1t is
worth noting that the moisture data available to the GFDL analysis were
drawn almost entirely from the very same station data used to construct
the station analysis (the aircraft dropwinsonde data being the only
important difference). It is somewhat surprising therefore to see such
large differences between the two analyses, which nust reflect in part
the influence of the GFDL model used in their data assimilation. The
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VT, msteC 850 mb

January 1979
STATION

June 1979

FIGURE 11 Hemispheric maps of the transient eddy flux of heat at 850
mb for January and June 1979 based on the station and the GFDL level
1IIb analyses. Isolines are drawn at intervals of 10 m/s °C.

Negative values are shaded and indicate southward fluxes. Regions
where the topography is at pressures less than 850 mb are indicated by
the heavy shading.
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FIGURE 13 Partial energy cycle diagrams based on the station and the
GFDL level IIIb analyses for January and June i979. Values are for the
northern hemisphere mass between 1000 and 100 mb. The schematic in the
center indicates the layout of the giagrams. Units for energies are

102 J m™“, and for conversions W m™“.

GFDL analysis is noticeably noisy, and differences of a factor of 2
between it and the station analysis exist over some portions of the
hewisphere, for example, in the subtropical Atlantic.

The field of q'v' in Figure 15 demonstrates quite clearly how noisy
some of the GFDL analyses can be. It also serves to illustrate a point
concerning the quality control of the FGGE water vapor data. HNote the
extraordinarily large value for the flux over the Arabian peninsula in
the GFDL analysis. This unlikely feature can be traced to the erratic
soundings during June from Riyadh, which was eliminated from the station
analysis. Screening humidity data (or the resultant analyses) for
errors is not a well-developed procedure in the current state-cf-the-
art, and clearly there is a significant disagreement in this instance.

GLAS Analyses

For the Special Observing Periods (SOPs) of FGGE, NASA's Goddard
Laboratory for Atmospheric Sciences (GLAS) has also produced Level IIlb
analyses, as described by Baker (1983), Baker noted that the GLAS
analyses yield reali:tic mean meridional circulations, and indeed the
Hadley cell in the GLAS analysis resembles that in the GFDL analysis
shown earlier. Paegle and Paegle (1984) have compared the GLAS 200 mb
winds with those from GFDL and ECMWF for 10~ and l2-day averaging
periods during SOP-1. They concluded that the GLAS analyses resemble
those of GFDL with regard to the divergent component of the wind but
more closely resemble those of ECMWF with regard to rotational wind
amplitugdes,

The GLAS analyses have already found considerable use in studies of
planetary scale waves (for example, Paegle and Baker, 1982, a subject
covered elsewhere in this report. The GLAS analyses have also been
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STATION

DIFFERENCE (STATION-GIOL)

FIGURE 14 (a) Hemispheric maps of the specific humidity at 850 mb for
June 1979 based on the station ar the GFDL level IIlb analyses.
Isolines are drawn at intervals of 3 g kg'l. Regions where the
topography is at pressures less than 850 mb are indicated by the heavy
shading. (b) Difference, station analysis minus GFDL analysis, of the
two fields in a. Isolines are drawn at intervals of 3 g kg~*+.
Negative values are shaded and indicate higher values of specific
humidity in the GFDL analysis.
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STATION

FICURE 15 Hemispheric maps of the transient eddy flux of moisture at
850 mb for June 1979 based on the station and the GFDE level 1I1b
analyses. Isolines are drawn at intervals of 3 g kg~ m/s. Negative
values are shaded and indicate southward fluxes. Regions where the

topography is at pressures less than 850 mb are indicated by the heavy
shading.

used to investigate the impact of the FGGE satellite data on general
circulation statistics by Salstein et al. (1984). 1In this vork, output
from two experiments (described by Halem et al., 1982) was used to form
statistics for the 30-day period from January 6 to February 4. In one
exper iment, all the FGGE data were assimilated; in the other, satellite~
related data were withheld (NOSAT). Figures 16 and 17 contain the
fields of G, and T derived from the two experiments. Although some
locally large differences between the FGGE and NOSAT experiments do
exist {particularly over the southern hemisphere), the overall
impression is that the two analyses are fairly similar.

DISCUSSION AND FINAL REMARKS

The extensive data collection effort that marked FGGE raised the hone
that substantially better data sets would be available with which to
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FIGURE 16 Maps of the mean zonal velocity at 200 mb for the period
January 6 to February 4, 1979 based on GLAS analyses utilizing all FGGE
data (FGGE) and all but satellite related FGGE data (WOSAT). Also
shown is the field generated by the GLAS general circulation model
without the benefit of data. Isolines are drawn at intervals of 15 m/s.
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study the general circulation., As has been seen however, the impact of
the new FGGE observing systems, at least over the northern hemisphere,
has not been especially dramatic. To be sure, traditional analyses
based on the upper air station network alone display some important
shortcomings. FPor example, they seem to miss some extrema in the
circulation fields over station-sparse regions. Presumably, such
features have also been missed in climatologies based on the station
network in the past. Overall, though, the circulation statistics
derived from the station analyses during FGGE appear rather good.

On the other hand, circulation statistics from the Level IIIb
analyses raise a number of questions. It is not this author‘'s intention
to appear unduly critical of the IIIb data sets. Most of the defici-
encies perceived can be traced to known shortcomings in the schemes
used to produce them. Nevertheless, when viewed as an ensemble, the

differences among the analyses are often large enough to suggest that
considerable uncertainty remains in the ability to quantify the general
circulation, Certainly, the level of uncertainty seems too high in the
current IIIb analyses to encourage renewed efforts at evaluating the
roles of vertical fluxes and of water vapor in the general circulation.

This situation may well improve. Much has been learned about data
assimilation techniques since (and because of) the producticn of the
original IIIb analy.:es. Plans do exist to create a second generation
of Level IIIb analyses utilizing improved assimilation models and IIb
data. These efforts should be supported, along with cfforts to
reassess the use of these data for studying outstanding problems in
general circulation research. One note of caution must be sounded,
however. The work cited here suggests that, regardless of which IIIb
assimilation model is used, the FGGE observaticns may not have been
sufficient in themselves to define the real circulation more accurately.
If this is so, the next generation of IIIb analyses may still be less
adequate than hoped for.
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REVIEW OF RESEARCH ON WAVE MEAN FLOW
INTERACTIONS USIKG FGGE DATA

Richard L. pPfeffer
Florida State University

ABSTRACT

Comparison is made between the conventional Eulerian diagnostics of
wave mean f.ow interactions in the atmosphere and the diagnostics
introduced by Andrews and McIntyre (1976). In the latter, the
meridional circulation is represented by a "residual" circulation, and
the eddy torque in the zonal momentum equation by the Eliassen-Palm
(1960) flux divergence (or equivalently, by the poleward eddy flux of
geostrophic potential vorticity). It is found that, while the new
diagnostics are useful in studying stratospheric warmings and transports
of conservative quantities, the conventional diagnoztics are more
useful in studying global energetics and wave mean flow interactions in
the troposphere and lower stratesphere. Case studies diagnosad with
FGGE IIIb data are presented to illustrate this peint.

Kung and Tanaka's (1983) comparisons of the atmospheric energy cycle
for SOP-1 and SOP-2, estimated with the use of the ECMWF and GFDL FGGE
IIIb data tases, are used to assess the uncertainty in calculations of
energetics based on the use of FGGE IIIb data. These results demon-
strate the high degree of model dependence in the FGGE IIIb data sets.

BACKGROURD

The maintenance of the zonally averaged westerly wind current and the
interaction between this current and synoptic-scale atmospheric waves
have been the subject of much attention in the meteorological litera-
ture. Starr and his colleagues (Starr, 1968; sStarr et al., 1970)
demonstrated that the rate of production of zonal kinetic energy
through the action of Reynolds' stresses associated with large-scale
atmospheric eddies is of the correct order of magnitude to maintain
this energy against friction. Later, Andrews and McIntyre (1976), Boyd
(1976), and others stressed the need to take into account the secendary
meridional circulations produced by the eddies in order to assess
prop=rly the net effect of the eddies on the mean zonal flow,

Pfeffer (1981) presented calculations of the acceleration of the
zonally averaged current (u) by synoptic-scale waves in the atmosphere
using the conventional Eulerian formalism. 1In this formalism, the eddy
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flux convergence of momentum appears in the 37l/a3t equation as a
mechanical torque that, according to the data, acts to accelerate the
upper tropospheric westerlies in midlatitudes and to decelerate them in
the tropics and in the Arctic. The eddy induced 3-cell mean meridional
circulation redistributes zonal momentum in the vertical direction. 1In
the northern hemisphere winter, slightly more than half the zonal
momentum increase in midlatitudes, which is brought about by the eddy
flux convergence of momentum in the upper troposphere, is communicated
to the lower troposphere mainly through the action of the Coriolis
force on the eddy induced Ferrel cell. The net effect of the eddies,
including the eddy induced meridional circulation, is to accelerate the
air from west to east in midlatitudes and to decelerate it in the
tropics and in the Arctic. This acceleration is in the same direction
as the upper tropospheric eddy torque but is redistributed more evenly
in the vertical. Pfeffer's calculations showed also that the rate of
production of zonal kinetic energy by the eddies, including the con-
tribution of the eddy induced meridional circulation, is of the order
of 70 percent (or greater) the rate of production calculated by Starr
et al. {1970) excluding this contribution. 1In winter, the eddy induced
meridional circulation actually appears to augment the rate of
production of zonal kinetic energy.

Andrews and Mcintyre (1976) introduced an alternative formalism in
which the mean meridional circulaticn is represented by a "residuval
circulation,® which is closely related to the zonally averagsd
Lagrangian mean circulation, and the eddy torque in the zonal momentum
equation is represented by the Eliassen-Palm flux divergence, or
equivalently, by the poleward eddy flux of quasi-geostrophic potential
vorticity. Their transformed system of equations has been found to be
useful in studying stratospheric dynamics for several reasons.

1. The changes that take place in the strength and direction of the
polar night jet at times of stratospheric warmings are generally in the
same direction as the "eddy torque” in this formalism, but not neces-~
sarily in the conventional formalism.

2. More often than not, the terms in the transformed equations are
all of the same order of magnitude during stratospheric warmings,
whereas in the conventional Eulerian formalism the local acceleration
of the zonally averaged zonal wind is often given by a small difference
between large eddy and meridional circulation terms.

3. It is easier to explain how certain features of the ozone and
water vapor distribution in the stratosphere arise in terms of the
Lagrangian or residual mean meridional circulation than it is in terms
of the conventional Eulerian mean meridional circulation.,

In the troposphere and lower stratosphere, which comprise 90 percent
of the mass of the atmosphere, the present author finds, however, that
in the transformed equations the eddy induced zonal wind acceleration
(30/3t) is a very small difference between the divergence of the
Eliassen-Palm flux and the Coriolis force acting on the residual mean
meridional circulation. Moreover, since 3u/st is usually of the
same sign as the "eddy torgue® in the conventional formalism but of

1i< -
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opposite sign in the new formalism, the former gives a clearer
description of the effect of the eddies on the mean zonal current,

In the present paper, case studies diagnosed with the use of FGGE
IIIb data will be presented to illustrate the value of the new formalism
in studying stratospheric warmings (as reported by Palmer, 198l1a,b) and
the value of the conventiunal formalism in studying the dynamics of
wave mean flow interactions in the troposphere and lower stratosphere
(as investigated by the speaker). 1In order to assess the uncertainty
of the results, the conventional energy cycle for SOP-1 and SOP-2
calculated from the ECMWF and GFDL FGGE IIIb data bases as reported by
Kung and Tanaka (1983) will be compared.

THE STRATOSPHERIC WARMIKNG OF FEBRUARY 1979

Figure 1, after Palmer (198la), shows the evolution of the zonal
westerlies north of 20°N latitude during the pericd February 17 to

27, 1979. Here, the breakdown of the stratospheric polar night jet and
the reversal to equally strong easterlies by the end of this period are
seen. Palmer (1981b) diagnosed the evolution of i averaged from 600

to 80°N at 1 mb using the conventional and transformed zonal momentum
equations. His results are shown in Pigure 2. Here, V is the zonally
averaged northward component of velocity; v* is the residual mean
meridional circulation; y* F is the divergence of the Eliassen-Palm
£lux; u'v' is the poleward eddy flux of monentum; p is density; z = H
1n(p/1600), where p is pressure, and H, scale height; ¢ is latitude;
and r, is the radius of the earth. Palmer's results show that, in

the conventional formalism, 3u/ut is a small difference between two
large and oppositely directed terms, namely, the *eddy torque™

1
1 3 u'v' cosig)

- 2
r cos”¢ ¢

and the Coriolis force (£V), and that 33/ut does not appear to
correlate well with either quantity. 1In the transformed equations,
3u/ut appears to cotrelate much better, although not perfectly,
with the "eddy torque"

i 1z/H

(
PoLo. COSH

V.F

which is generally larger by a factor of 2 than the Coriolis force
(f£v*) acting on the residual mean meridional circulation. The Coriolis
terms were calculated as residuals in the momentum equation. Assuming
that diabatic effects are negligible, ¥V and V* can be interpreted as
the meridional circulations induced by the eddies, plus the sum of the
errors in estimating the magnitudes of 3i/ut and the eddy torques.
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FIGURE 1 Meridional cross-section of zonal mean wind velocity (m/s).
Regions of easterly winds are stippled: (a) February 17, (b) February
19, (c) February 20, (d) February 21, (e) February 23, and (f) February
27. The values of the pressure coordinates used are related to the
scale-height coordinates 100 mb, 14.7 km; 40 mb, 20.5 km; 10 mb, 29.4
km; 4 mb, 35.2 km; and 1 mb, 44.1 km (after Palmer, 198la).

In terms of the transforrmed equations, stratospheric warming and the
deceleration and reversal of the polar night jet can be considered to
take place when and where there is a strong convergence of the Eliassen-

‘Palm flux. Figure 3 clearly shows this convergence. This concept is

consistent with our previous understanding that stratospheric warmings
are produced by adiabatic wave propagation from the troposphere, since
the Eliassen~Palm flux may be interpreted as the flux of wave activity
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FIGURE 2 Momentum budget averaged with cosine of latitude weighting
between 60°N and 80°N for the period February 17 to March 3, 1979,
at 1 mb, (a) Transformed formalism, (b) standard formalism (after
Palmer, 1981b).

from one latitude and height to another when the eddy dynamics are
similar to Rossby waves (Edmond et al., 1980).

TROPOSPHERIC DYNAMICS

Figure 4, after Pfeffer (1981), shows the zonal momentum tendency in
the northern hemisphere winter and summer brought about by the eddies,
together with the contributions to this tendency from the "eddy torque™

and Coriolis force (¥, @ terms) in the conventional Eulerian formalism.
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According to this formalism, the eddy flux of momentum exerts a torque
on the zonal current, mainly in the upper troposphere, accelerating the
air from west to east in midlatitude and from east to west at lower and
higher latitudes. The eddy induced meridional circulation redistributes
some of this momentum in the vertical through the action of the Coriolis
force, with the result that the net westerly acceleration in ecach lati~-
tude band is more evenly distributed with altitude. The zonal momentum
tendency (aG/at) in the upper troposphere correlates well with the

eddy torque
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which is from 1.5 to 2 times larger than the Coriolis force. Clearly,
3U/3t is not determined as a small difference between large
quantities,

Figure 5 shows the momentum balance in the transformed formalism
calculated recently by the author from the same data. In this formal-
ism, the zonal momentum tendency appears as a small difference between
very large and oppositely directed forces, in this case the poleward
eddy flux of potential vorticity, which is proportional to the
Eliassen-Palm flux divergence, and the Coriolis force acting on the
residual mean meridional circulation. The pattern of ju/3t is
uncorrelated with either force and, in the midlatitude troposphere, is
for the most part of opposite sign to the "eddy torque.™ Clearly the
new formalism is not as useful in the diagnostics of wave mean flow
interactions in the troposphere as is the conventional formalism.

In order to understand the reason for the foregoing result, we must
examine the nature of the residual circulation. The equation governing
this circulation is
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Here, o is the potential temperature; g, the geostrophic potential
vorticity; v, the northward component of velocity; n:z siné, A, C,
and D are functions of latitude and pressure; and
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where w is the vertical component of velocity in pressure coordinates.
A similar equation (Eliassen, 1952; Kuo, 1956) with ¢ = 0 on all

boundaries governs the mean meridional circulation in the conventional
Eulerian formalism.

At the top of the atmospheric, y* ray be considered to vanish
because of the very large magnitude of 36/3p. But, at the lower
boundary, there are strong poleward fluxes of heat and moderate values
of 36/3p, with the result that the lower boundary condition exerts
a strong influence on the solution of y* throughout the troposphere
and lower stratosphere. This influence may be assessed by solving
equation (1) with vigq' = 0 everywhere. This solution and the soluticn
with the forcing function and boundary conditions fully specified from
the data are shown in Figures 6b and 6a, respectively. It is seen that
the lower boundary condition contributes substantially to the eddy
induced residual circulation (y*) serving to enhance the positive
contribution of fV¥* to the zonal acceleration throughout the tropo— .
sphere and lower stratosphere. In midlatitudes, where locally v'q"
(and therefore y* F) is negative, the y* circulation induced by the
poleward eddy heat flux at the lower boundary causes the pos;tive
contribution of fU* to exceed the negative contribution of v' q', with
the result that the air is accelerated locally from west to east It
is therefore incorrcct to conclude, as some investigators have done,
that because v'q' (or ¥+ F) is the only wave induced forcing of the
mean state in the transformed system of equations, the distribution of
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FIGURE 7 Distribution of zonal kinetic energy (Ky) per unit mass at
200 mb from December 1, 1978 through May 31, 1979. Contour intervals

age 230 m? g~2, Shaded area represents values greater than 750
m< gT<,

3d/3t in space and time should correlate better with the divergence

of the Eliassen-palm flux than it does with the eddy momentum flux
convergence. The fact that it does so in stratespheric warmings must
be due in part to the distance from the lower Loundary and in part to
the relative magnitudes of the poleward fluxes of heat and momentum and
the coefficients A and C.

THE ONSET OF THE WINTER JET IN DECEMBER 1978

Having established the greater usefulness of the conventional Eulerian
formalism in diagnostic studies of wave-mean flow interactions in the
troposphere and lower stratosphere, a case study during FGGE is now
discussed. Figure 7 shows the distribution of zonal kinetic energy
(Kz) per unit mass at 200 mb during the first five months of FGGE.

In the northern hemisphere, the maximum of Ky shifts equatorward from
midlatitudes to the subtropics during the period December 15 to 20 and
remains there for the rest of the winter season. The evolution of the
zonal momertum distribution in the meridional plane during this five-
day period is shown ‘in Figure 8. Here, U is weighted by cos¢ in

order to take into account the convergence of the meridians since the
abscissa is linear in ¢. It is seen that the maximum of i cos¢ at

200 mb moves progressively equatorward and strengthens from December 15
to 20. The average rate of change of U cos during this period is
shown in Figure 9.

Figure 10 presents the conventional Lulerian diagnostics of the
zonal momentum tendericy due to the eddies. The figure shows a pattern
of eddy flux convergence and divergence of momentum that is reflected
in the zonal momentum tendency, after taking into account the Coriolis
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force (V, & terms) acting on the mean meridional circulation. This
pattern appears to account for most but not all of the actual change of
zonal momentum that takes place during this period. Some of the change
during the five-day period could have been brought about by diabatic
effects. In this connection, it is interesting to look at the evolution
of the eddy induced mean meridional circulation (¢) during the period
under consideration. Figure 11 reveals that a weak and diffuse circula-
tion at the beginning of the period became organized into a pattern
with a strong eddy induced Hadley cell by the end of the period., Such

a cell could be expected to draw moisture toward the equator and
develop or intensify the ITCZ which, in turn, would feed back to
intensify the Hadley cell. Similarly, the rising motion at 60°N

could be expected to increase the release of latent heat of condensation
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at that latitude and intensify the Ferrel cell. Through the action of
the Coriolis force, the meridional circulations enhanced by such latent
heat release would alter the zonal current, possibly accounting for the
differences between the actual rate cf change (Figure 9) and the eddy
generated momentum tendency (Figure 10).

ENERGETICS: ECMWF VERSUS GFDL DATA SETS

Kung and Tanaka (1983) have calculated the global energy balance during
the FGGE SOP-1 and SOp-2 using both the ECMWF and GFDL data sets.
Their comparisons are shown in Figure 12. 1In both periods, the
intensity of the conversions from potential to kinetic energy and, in
particular, from zonal potential (Py) to zonal kinetic (Km) are
much greater when calculated from the GFDL data set. Kung and Tanaka
(1983) attributed this to the initialization procedure. They pointed
out that the adiabatic nonlinear normal mode initialization used in the
ECMWF model suppresses the divergent component of the wind. Moreover,
the assimilation of the ECMWF data set assumes a geostrophic-type
relationship between the pressure height and the wind at middle and
high latitudes, whereas the assimilation of the GFDL data set does not.
The implication by Kung and Tanaka (1983) is that the GFDL data set
is better than the one prepared by ECMWF. The present author reserves
judgment on this point, particularly since the ECMWF model is known to
give better five-day forecasts than other models. Because of the
strong dependence of the data on the model used in the analysis, the
estimates of the energy cycle based on FGGE IIIb data sets differ from
each other by as much as they differ from estimates for different years
based on different data sets (see Kung and Tanaka, 1983, Table 2).
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(i.e.,

(Data source:

ECMWF FGGE IIIb.)

There is clearly a need to prepare other data sets for the FGGE year

for comparison using different GCMs and to investigate carefully the
reasons for the differences.

CONCLUSIONS

Conventional diagnostics are most appropriate in studies of global
energetics and wave mean flow interactions in the troposphere and lower
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stratosphere, while the transformed equations are more useful in
studies of stratospheric warmings. FGGE IIIb data is highly model
dependent, with the result that estimates of the energy cycle during
the FGGE year differ from each other by as much as each differs from
estimates for different years based on different data sets. It is
suggested that new data sets using different GCMs be prepared for FGGE
for comparison with the existing ones and that investigations be
undertaken to determine the reasons for the differences.
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THE ROLE OF ¥GGE DATA IN THE UNDERSTANDING AND PREDICTION
OF ATMOSPHERIC PLANETARY WAVES

Wayman E. Baker
NASA/Goddard Space Flight Center

INTRODUCTION

The augmented observational data base proviced by FGGE offers a unique
opportunity to improve our understanding and prediction of atmospheric
Planetary waves. Substantial progress has been made, but a number of
problems remain. '
This paper attempts to review the research on planetary waves
conducted thus far with PGGE data. Areas of progress are summarized in
section 2, and some remaining problems are discussed in gection 3,

FGGE RESEARCH ON PLANETARY WAVES

An attempt is made to summarize the FGGE planetary wave research by
topical area with the main findings briefly discussed.

Planetary Wave Predictability

One of the remarkable findings resulting from research with FGGE data
has been the successful prediction of atmospheric blocking patterns
beyond one week (e.g., Bengtsson, 1981; Halem et al., 1$82). For
example, Bengtsson et al. (1981) obtained an accurate eight-~day
prediction of a blocking pattern over the North Atlantic shown in
Figure 1, with a high-resolution spectral model from initial conditions
that included satellite cloud-track wind data. In subseguent
integrations in which the resolution was degraded, less sophisticated
physical parameterizations were utilized, and satellite data were
deleted, a noticeable degradation in predictive skill was obtained.

Similarly, Halem et al. (1982) obtained a skillful eight-day
forecast of a pPacific blocking pattern (see Figure 2) using a high-
resolution gridpoint model from an initial state that utilized all the
PGGE data. Again, less skill was obtained without satellite data using
a coarse resolution model.

However, as noted by Bengtsson (1981), there is considerable varia-
tion in Predictability from day to day. Baumhefner and Bettge (1981)
examined the Planetary wave forecast error obtained from the NiC
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PIGURE 1 500 mb geopotential for an 8-day forecast (shown on the left)
for January 24, 1979 with the ECMWF high resolution spectral model.
Shown on the right is the ECMWF analysis for January 24 (from
Bengtsson, 1981).

forecasts during FGGE SOP-1 and concluded that the best forecast skill
is- associated with quasi-stationary planetary wave behavior, and the
poorest skill occurs during periods of planetary wave transition. The
lagged average forecast (LAF) method developed by Hoffman and Kalnay
(1983) seews promicing in that regard. By providing an a priori
estimate of forecast skill, the time at which individual forecasts lose
their skill can be predicted,

In an analysis of planetary wave systematic forecast error, Bettge
(1981) found a strong persistence in the error from one month to the
next and for the same month in different years, as may be seen in
Figure 3. A large negative error was noted over northern Eurasia,
indicative of a continental ridge weaker than observed. Positive
errors were noted in the vicinities of the northern Pacific and
Atlantic Oceans, indicative of troughs weaker than observed.

Tropical Influences on Planetary Waves

Several studies have examined the role of the tropics in affecting the
extratropical circulation vting pre-FGGE data sets. For example, a
study by Paegle (1978) indicated that tropical disturbances may
influence the subtropical jet streams, while analyses of a Data Systems
Test (DST) assimilation experiment (Paegle et al., 1979) suggested that
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FIGURE 2 Sea level pressure for 0000 GMT February 6, 1979. (a) 8-day
forecast with the 2.5° x 3° GLAS fourth order model, (b) GLAS FGGE
I1Ib analysis. Pressure minus 1000 is in mb (from Halem et al., 1982).

low-latitude convective activity may propagate energy outside the
tropics on short time scales. More recently, Somwerville (1580)
suggested that tropical data may affect the forecast of ultralong waves.

Because of the abuncdance of the FGGE tropical wind data, primarily
cloud-track winds, Baker and Paegle (1983) conducted a sensitivity
study to cxamine the Sonerwville (19280} hypothesis. TwcC separate
assimilation experiments were performed. One experiment utilized
tropical wind data and the other did not. Six forecasts were generated
from the initial conditions provided by each experiment. The tropical
wind data were found to have a positive effect (reduced the error) on
the 72~hour planetary wave prediction in four cases and to have a
negative effect (increased the error) in two cases. The study also
revealed significant differences in the rotational wind component at
all latitudes after 72 hours, while the differences present in the
initial divergent wind field remained largely restricted to the tropics
as may be seen by comparing Figures 4 and 5. This suggests that the
differences in the planetary wave predictions in the extratropics
resulted from initial differences in the rotational wind field in
agreement with the findings of Daley et al. (1981) for a barotropic
model.

Planetary Wave Teleconnections

The abundant FGGE data have provided an opportunity to gain further
insight into pcssible atmospheric teleconnections. Such a study was
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FIGURE 3 Systematic planetary wave errors over the northern hemisphere

for 72-hour NMC forecasts by month in 1979, and year from January 1978
to January 1980 (from Bettge, 1981). Contour interval is 10 m. Error-s
greater than + 30 m are shaded.
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FIGURE 4 Rotational wind differences (tropical winds minus no tropical

winds) at 200 mb in terms of a spherical harmonics sum with a
longitudinal truncation beyond m = 4 for the 0000 GMT January 15, 1579
case (from Baker and Paegle, 1983). (a) Initial differences in the
zonal component, (b) Initial differences in the meridional component,
(c) 72-hour differences in the zonal component, and (d) 72-houtc
differences in the meridional component.

conducted by Lau et al. (1983) with the FGGE/MONEX data to examine
planetary scale teleconnections between the tropics and midlatitudes.
They composited 11 episodes of cold surges over the South China Sea
during December 1978 to February 1979 and noted the following: A
convective heat source, which was found over the equatorial central

Pacific, was enhanced 3 to 5 days after surge onset. As Lau et al.
(1983) point out, the 200 mb zonal wind and streamfunction maps shown
in Figures 6 and 7, respectively, indicate that the enhancement of the
convective heat source coincides with the occurrence of a subtropical
jet stream and a pronounced upper level trough/ridge system extending
from the equatorial central Pacific to the west cost of North America,
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FIGURE 5 As in Fiqure 4, except for the divergent viind.

As noted in a study by Paegle and Baker (1982), January 1979 had
many characteristics in common with the abnormal winter of 1977,
particularly the deep North Pacific cyclone and the strong anticyclone
over the Rocky Mountains. This pattern was reversed in February 1979,
The subtropical jet over the central Pacific was found to be 15 m/s
stronger during January than during February, as may be seen in
Figure 8. The January cross-equatorial divergent flow was considerably
stronger as well, but weaker than in February in the tropical Atlantic.
These characteristics may indicate possible teleconnections.

Southern Hemisphere Planetary Waves

Our understanding of the sovthern hemisphere planctary waves has been
signifizantly advanced with the FGGE data. For example, Paegle et al.
(1983) found a distinct southward divergent flow from the convective
regions of the tropics into regions of kinctic energy generation over
Australia, South America, and Africa. They, thercefore, sugyested the
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) FIGURE 8 Time change (February minus January) of components of the 200
——— mb wind field from Paegle and Baker (1982). (a) Rotational zonal
component, (b) Divergent meridional component.

possibility that the subtropical jet structure in the southern
hemisphere may be strongly determined by longitudinal gradients of
R tropical heating and may explain the standing wave pattern of the
’ southern hemisphere winter.
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Mechoso and Hartmann (1982) performed an observational study of
southern hemisphere traveling planetary waves for the period May to
September 1979. They found that westward-moving waves have a structure
characteristic of barotropic external modes and are coherent across a
broad range of latitudes from the surface to 2 mb. On the other hand,
eastward-moving waves were found to have more phase variatien,
especially in the troposphere, and are more baroclinic.

Rossby Waves as Depicted by FGGE Observations

Lindzen et al. (1984) have performed an observational study of Rossby
waves during the FGGE year with ECMWF analyses. They found that, for
the largest scales, global Rossby waves exist in agreement with theory,
and pointed out that since both symmetric and antisymmetric modes
appear equally vigorously, a global domain is needed to correctly
analyze and/or forecast these waves.,

SOME REMAINING PROBLEMS

It is not surprising that in the course of pursuing the FGGE objectives
a number of questions have been raised related to planetary waves for
which further research with the FGGE data may provide answers., An
attempt is made to summarize the unresolved questions by topical area.

Planetary Wave Predictability

why is there considerable variation in planetary wave predictability
from day to day? Bengtsson (1981) found that integrations using
different models, data, resolutions, and parameterizations all resulted

in poor forecasts on some days, while on other days all the forecasts
were generally good.

Why does the best forecast skill seem to occur during periods of
quasi-stationary planetary wave behavior and the poorest skill during
periods of planetary wave transition, as noted by Baumhefner and Bettge
(1%81) 2

What are the sources of the model planetary wave systematic error?
Bettge (1981) has suggested that data inadequacies could result in the
improper partitioning of the initial stationary and transient
components of the flow, producing large errors early in the forecasts.
He also suggested that the regional coherence of the errors later in
the forecast may indicate incorrect external forcing such as land/sea
contrasts or topography.

Tropical Influences on Planetary Waves
what are the limits of linear theory in explaining the observed

tropical/extratropical interactions through regions of easterly flow
found by Paegle et al. (1983)7
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Planetary Wave Teleconnections

The abundant FPGGE data provide an opportunity to gain further insight
into atmospheric teleconnections. Wallace and Gutzler (1981) have
noted some key unresolved questions: Are teleconnection patterns
apparent in the stratosphere and, if so, are they related to
Stratospheric warmings? How should teleconnection patterns be viewed
in relation to synoptic patterns associated with blocking? Are they
mutually exclusive or should one set be a subset of the other?

As noted by Paegle and Baker (1982}, January 1979 was characterized
by a deep North Pacific cyclone with a strong anticyclone over the
Rocky Mountains. The pattern was reversed in February 1979, what
role, if any, did sea-surface temperatures play in the marked January
to February 1979 transition?
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ABSTRACT

Diagnoses of global data sets are presented that indicate strong
coupling between the regions of enhanced tropical convection of the
Summer hemisphere and subtropical jet stream paxima of the winter
hemisphere. One curious aspect of this coupling is that it tends to
occur through zones of easterly winds at upper tropospheric levels.
This characterizes the El Niiio event of 1983, an upper connection of
the Asian monsoon to the Australian jet in FGGE and DST data and
shorter term transitions during the First Special Observing Period of
FGGE. The reasons for the apparent propagation through easterly wind
zones remain to be clarified.

MODELS

One of the major goals of the First GARP Global Exper iment has been to
improve weather prediction by expanding into the tropics and southern
hemisphere the domain of useful data coverage for model initialization
and verification. In recent yYears, it has become apparent that correct
global initialization is essential not only for the accurate prediction
of tropical weather but also for accurate midlatitude predictions of a
few days or longer (Somerville, 1980; Daley et al., 1981; Baker and
Paegle, 1983; Paegle and Baker, 1983).

The short time scale of such deep latitudinal interaction is rather
surprising in view of the extensive theoretical evidence that efficient
Rossby wave propagation between the deep tropics and higher latitudes
is impeded by the typical zonal wind structure. The zonally averaged
wind usually possesses a deep and extensive layer of easterly flow in
the tropics throughout the middle and lower troposphere, while the
midlatitudes display strong westerlies. Meridicnal Rossby wave propaga-
tion through such a shearing flow would be strongly inhibited for all
modes that do not have a westerly propagation rate in excess of the
strongest easterly wind (Charney, 1969; Mak, 1969; Bennett and Young,
1971; Geisler and Dickinson, 1974).
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In its simplest form, for purely rotaticnal flow on the beta plane,
the nondivergent vorticity equation linearized about a zonally uniform
flow produces a latitude structure equation of the form:

92, - u-c) -k v =0 T
de 3y %

Here x, y represent eastward, northward distances, respectively, v is
the y-dependent amplitude of Fourier wavenumber k in x, U is the
x-independent eastward basic flow, and c is the phase speed of
wavenumber k.

The divergent. quasi-geostrophic version discussed by Charney (1969)
has a similar latitude structure equation, with a slight modification
due to divergence. As pointed out by Charney, propagating wavelike
solutions in y can exist only if the bracketed coefficient of ¢ is
positive, implying (for the typical case that absolute vorticity
increases poleward) the necessity to have U > ¢, i.e., westerly phase
propagation with respect to the basic flow. Otherwise, the response to
localized forcings will be trapped on the forcing side of any latitude
where U = ¢ (the "critical latitude™). Much research has been focused
on the singular point represented by this critical latitude. A summary
of recent work is given in Held (1983).

To the level of Charney's (1969) quasi-geostrophic treatment, the
presence of divergent cffects does not modify the substance of the
critical latitude trapping conclusions, but only shifts the spectral
range of propagating modes. The situation for the highly nonbalanced
divergent component suggested in the FGGE data is not covered by this
case but may be described in linearized treatments of the primitive
equations. In view of this, it is somewhat surprising that the bulk of
such analyses support the conclusions of the simpler balanced case toc a
remarkable extent. :

Apart from some tropical easterly waves (Zangvil and Yanai, 1980),
the theory suggests that slight short-term coupling may be expected
between midlatitudes and the tropics. 1Indeed, Daley et al (1981)
suggest that the meridional propagation of forecast error out of the
tropics may not be very important to the degradation of the midlatitude
forecast. That study concludes that the projection of the initially
erroneous tropical fields on globkal normal modes produces errcneous
midlatitude dispersion for longitudinal propagation, and this accounts
for the major part of the midlatitude error structure. Thus the
aforementioned theories are not obviously violated in predictability
studies suggesting strong tropical data impzact on short-term prediction
for midlatitudes by global models.

Nevertheless, there is extensive observational evidence of a
meridional connection between the most active quasi-stationary tropical
convection areas and the subtropical jet streams of the opposite
hemisphere. This has been suggested in studies of the time differences
of monthly averages by Bjerknes (1966, 1969) and Ramage (1968). Such
teleconnactions may also be inferred in seasonal averages described by
Krishnamurti (1973) and Merakami (1978). Several FGGE studics also
imply similar interactions between the tropics and midlatitudes (Paegle
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FIGURE 1 Anocaalous outgoing infrared radiation for March 1983 in units
of W m-zi with an analysis interval of 15 W m~2, This diagram is

taken from the Spcial Climate Diagnostics Bulletin Update on the
1982-1983 Equatorial Pacific Warm Episode produced by the Diagnostics
Brnach of the Climate Analysis Center/NMC/NWS/NORA.

and Baker, 1982a,b). The study by Paegle and Baker (1982b) concludes
that the weekly and monthly averages of highly truncated circulation
components behave qualitatively in agreement with the weekly and
monthly evolution of the upper tropospheric zonal wind field and the
theory of critical latitude trapping. However, that study could not
confirm the applicability of the theory to less truncated fields that
carry most of the kinetic energy.

We now review the recent observations that suggest pronounced
connections of quasi-stationary tropical convection of one hemisphere
with the subtropical jet streams of the opposite hemisphere. Three of
the more striking cases involve the strong El Nifio event of the
northern winter and spring seasons of 1983, explanations of the
stationary wave pattern of the southern hemisphere that invoke the
strong heat source of the Asian monsoon, and apparently corresponding
adjustments of tropical heating and glcbal waves observed during FGGE.

THE EL NINO EVENT OF 1983

The El Nino data to be summarized are taken from the Special Climate
Diagnostics Bulletins of the Climate Analysis Center of the National
Meteorological Center. Figure 1 presents the anomalous outgoing
infrared radiation for the month of March, 1983. The large negative
values centered at about 135°% represent greatly enhanced deep cloud
systems for this month that were presumably associated with the
anomalously strong east Pacific El NiBlo current of this period.

Figure 2 presents the anomaly streamfunction at 200 mb for this month.
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The two anticyclonic gyres located just north and south of the outgoing
radiation anomaly center in the Pacific Ocean produce local intensifica-
tions of the westerly flow amounting to about 25 m/s at 30°N and
somewhat lesser intensifications in the southern hemisphere.

The total flow picture for March 1983 (Figure 3) shows that this
enhancement of the northeast Pacific subtropical jet stream produces a
pronounced elcngation of the speed maximum ordinarily found off the
Asian coast. This picture is certainly consistent with Bjerknes'
(1966) original concept of local Hadley cell enhancement by local
tropical heating. Howzver, it does not easily fit into the theory of
meridional Rossby wave propagation because most of the heating anomaly
implied by the infrared ancmaly of Figure 1 occurs in the southern
hemisphere in regions of upper level easterly winds (Figure 3), while
the maximum response in the zonal wind is in the upper levels of the
northern hemisphere (Figure 2). It also does not fit Gill's (1980)
recent analysis for equatorially forced waves, because the deviation
pattern of the streamfunction appears to center on the heating anomaly
as implied by the satellite infrared anomaly instead of being centered
to the west.

An alternative explanation of this phenomenon may be that during
periods of locally enhanced tropical heating, the entire tropical belt
commonly warms, and the principal response is in the zonally averaged
structure (Horel and Wallace, 1981), Although this may partly
reconcile these observations. with theory, the idea does not easily
apply to the next two examples of tropical-subtropical connections.

STATIONARY KINETIC ENERGY DISTRIBUTION
OF THE SOUTHERN HEMISPHERE

The surface of the earth underlying the atmosphere of the southern
hemisphere in midlatitudes is much more nearly uniform than is the
northern hemisphere surface at similar latitudes. Consequently, to the
extent that the horizontal gradient of surface conditions reflects the
distribution of quasi-stationary wave kinetic energy, much stronger
gradients of kinetic energy may be expected in the northern hemisphere
than in the southorn: hemisphere during eguivalent seasons. The
observations to be presented, however, do not suppert this inference.

Figure 4 presents the stationary wave kinetic energy at the 200 wb
level (the level that contributes most strongly to the global kinetic
energy field) during the summer and winter seasons of the 1976 DST data
(a pre-FGGE data systems test conducted by NaSA). As expected, these
results show more stationary wave kinetic energy in the northern winter
than in the southern winter. However, the longitudinal gradients of
this field differ much less than would be expected from simple models
reacting to local forcing.

Figure 5 shows that the ECMWF analyses of the FGGE data for February
and August of 1979 are similar to the D3T results, 1In this year, the
stationary wave kinetic energy of the southern winter month of August
was greater than the stationary wave kinecvic energy of the northern
winter month of February. Scientists conclude that a rather prominent
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DS? Summer {1976}

FIGURE 4 (a) Kinetic enerqgy at 20C mb for the northern winter season
of the 1976 DST data (January 29 to March 3, 1976). The units are
m/s? and the analysis interval is 200 m? s. (b} As in (a), for the

northern summer season of the 1976 DST data (August 21 to September 4,
1976) .

southern hemisphere longwave pattern is apparent in different years and
is present in different analyses. Furthermore, the kinetic energy of
this pattern is dominated by the structure of the subtropical jet
stream.

These observations present a dilemma for many theories of the
generation of stationary waves. Topography is generally thought to
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FIGURE 5 (a) Kinetic energy at 200 mb for the month of February 1979.
The units are m/s*“, and the analysis interval is 200 m/s“. The
calculation is based on the gridded archives of ECMWF. (b) As in (a),
for the month of August 1979.

produce much of the stationary wave pattern of the northern hemisphere
winter season (e.g., Charney and Eliassen, 1949; Grose and Hoskins,
1979; Held, 1983). While many aspects of topographically shaped flows
in these models are reasonable, simple versions of the models do not
produce significant stationary wave kinetic energy in the southern
hemisphere when forced with reiaxation to zonally symmetric flow in the
presence of mountains (see Figure 4 of Paegle et al., 1983).

An alternative driving mechanism may involve baroclinic instability
that may be preferentially triggered in certain locations by
topography, but integrations of the simplest two-layer global model
that may capture such an effect (Lewis, 1979) do not support this
possibility.
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DST Summer (1976)

FIGURE 6 Zonal wind component at 200 mb for the northern summer season
of the 1976 DST datat (August 21 to September 4, 1976). The units are

m/s, and the analysis interval is 10 m/s. The region of easterly winds
is shaded.k

Another potential explanation of the southern hemisphere stationary
wave pattern is that it may be produced by longitudinal gradients of
tropical heating. There is an apparent correspondence between the
kinetic energy maxima located around Australia and secondary maxima
sometimes seen around South America and South Africa, with the enhanced
tropical ~onvection in similar longitudes. The strongest of these
heatings occurs in association with the Asian monsoon, which is in the
same longitude sector as the strongest southern hemnisphere jet streams.

The study by Physik (198l) suggests that the ageostrophic meridional

wind is the major driving mechanism of the subtropical jet around

Australia during FGGE. Such circulation features may relate to the
southward branch of the upper tropospheric divergent wind emanating

from the Asian monsoon (Krishnamurti, 1971). However, a straightforward
connection of these heating fields to the subtropical jets of the
southern hemisphere is incompatible with critical latitude trapping
because the heating maxima are embedded within extensive tropical
easterlies (see the 200 mb zonal flow in Figure 6).

FGGE OBSERVATIONS OF SOP-1
The intervals from January 10 to 23 (period 1) and January 26 to
February 7 (period 2) were used for the present study of tropical

heating redistributions and subtropical jet rearrangements during
FGGE. Figure 7 shows the averaged outgoing infrared radiation obtaine!
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FIGURE 7 Averaged outgoing infrared radiation in W n 2 for January

10 to January 23, 1979 (top) and January 26 to February 7, 1979
(bottom). The analysis interval is 25 W m¢. ILocal tropical minima
are shaded. Hatched and cross-hatched regions indicate areas with high
cloudiness.

from the TIROS-N radiation data for the two periods. Areas with
relatively low values between 45°s and 30°N have been shaded to
denote areas with high (presumably convective) clouds. The three
typically cloudy areas of the southern hemisphere summer {i.e.,
Krishnamurti et al., 1973) clearly appear in this figure.

One difference between the periods occurs over the Pacific Ocean
where the well-developed northwest to southeast convective band
centered about 140°%W during period 1 has shifted closer to the
dateline and decreased in magnitude during period 2. The tropical
convection appears over the Indian Ocean during period 2.

Gridded analyses of FGGE data were obtained from the Buropean Centre
for Medium Range Weather Forecasts for the FGSE enhanced data sets.
The objective analysis of these data has been dccumented by Lorenc
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FIGURE 8 Average zonal wind component at 200 mb for January 10 to

-~ f January 23, 1979 (top) and January 26 to February 7, 1979 (bottom).
< S The units are in m/s, and the analysis interval is 5 m/s. Arrows
_ E indicate the direction of divergent winds at 200 mb, and easterlies are
~ & denoted by horizontal wiggly lines. The hatched areas indicate the
: £ Ccloudy regions also depicted in Figure 7. Thick dashed lines show jet
X i stream cores. This wind analysis is based on data gridded by ECMWF.
+ 5

(1981). The strongest winter jet streams, as analyzed from this data

set in Figure 8, appear over or off the east coasts of the main

s continents. There is a tendency for the tropical easterly zones to

S o move westward with the subtropical jet maxima of the northern

BEEN . hemisphere from the first to the second period. If there is a

: tropical, extratropical connection in the present data, it occurs

through local easterly flow. The divergent component of the wind

associated with the entrance and exit regions of the jets are sketched

in Figures 9 and 10. Similar circulations have been previously

discussed by many authors (e.g., Blackmon et al., 1977; Lau, 1978;

Mori, 1959; Murakami and Unninayar, 1977; and Newton, 1959). )
Cressman (1981) suggests that the West Pacific jet stream results

. : from the solenoidal circulation associated with the strong baroclinic
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FIGURE 9 As in Figure 8, for the 200 mb velocity potential analyzed
every 2 x 108 n2 s-1

activity near Japan. He also suggests that the exit region of this jet
is a direct consequence of the inertial cycle started by the ageostro-
phic wind component, in the entrance region. Many of the features for
this case apply to the west Pacific jet for period 1. The position and
extent of the winter jet streams for this period resemble climatological
averages (Newell et al., 1972) more clearly than do those of period 2.
The main differences between the periods appear in a broad zone
centered at about 90°E and in a more narrow region west of Africa.
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FIGURE 10 As in Figure 8, for the 200 mb divergent meridional wind.
component anmalyzed at an interval of 1 m/s. The unit is 10-1 m/s.

The zonal wind maxima above the northwest Pacific and south of
Australia shift westward from period 1 to periocd 2 in an amount approxi-
mately equal to the westward shift of maximum infrared brightness and

heating over the South Pacific. Zonal wind maxima also appear over
India and South Africa for period 2.

The northward/southwarcd divergent wind components over the entrance/
exit regions of the jets are clearly seen in Figures 9 and 10. The.
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major differences between the velocity potentials for periods 1 and 2
seem to be correlated with the local changes of the kinetic energy
distribution and brightness features. These include the displacement
of the center of velocity potential from about 160°W (period 1) to
about 170°E (period 2) and the development of a mass source over the
equatorial Indian Ocean (period 2).

It appears that many of the differences in the distribtuion of the
zonal wind for these two periods can be related to large-scale changes
in tropical convection. These convective motions may be triggered by
higher latitude effects or by local forcings and instabilities.
Whichever may be the initiation mechanism for convection, the present

analysés suggest a connection between deep tropical convection and
associated changes in the position of the subtropical jet maxima.

CONCLUSIONS

There is a s*rong apparent interhemispheric interaction of the tropical
heating regions of one hemisphere with subtropical jet enhancements of
the other hemisphere. The connections for the zonally averaged Hadley
cell are explicable by linear Hadley cell dynamics (Dickinson, 1971).
However, the apparent connection of the wave components has at present
no clear explanation in terms of Rossby waves. To the contrary, the
tendency for local interactions to occur through casterly wind zones is
at variance with current theory.

Scientists are unaware of convincing theories that may reconcile
these issues, although some attenpts are made in a review paper by
Paegle et al. (1984). Thosé analyses suggest a prominent role for the
strong divergent wind modes of the tropics and emphasize the restric-
tions of quasi-rotational idealizations for this problem. Careful
examination of the tropical divergent motions, of the heating field
that drive these motions, and of the normal mode decomposition of these
patterns would be useful to clarify the apparent discrepancies between
theory and observation. Until a better data set emerges, such studies
are best done on the FGGE archives.
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PLANETARY WAVE PREDICTION:
BENEFITS OF TROPICAL DATA AND GLOBAL MODELS

Richard C.J. Somerville
Scripps Ins~itution of Oceanography

ABSTRACT

Skillful numerical predictions of midlatitude atmospheric planetary
waves generally require both tropical data for the initial conditions
and a global domain for the forecast model. The lack of either
adequate tropical observations or a global domain typically leads to a
significant degradation of forecast skill in middle latitudes within
the first one to three days of the forecast period. These effects were
first discowered by numerical experimentation, They were subseguently
explained theoretically, and their importance for practical forecasting
has been confirmed in a series of prediction experiments using FGGE
data.

INTRODUCTION

Tropical initial data and a global forecast domain have strong effects
on the midlatitude planetary wave components of numerical weather
predictions. Operational forecasts today, such as those at the European
Centre for Medium~Range Weather Forecasts (ECMWF), are routinely carried
out using global models ipitialized with global observational data.

The skill of such forécasts is due, of course, to progress in many
areas, including physical parameterizations, numerical methods and: fine
spatial resolution, cobjective analysis and initialization, and improved
initial data.

A significant part of the improved skill of modern large-scale
forecasts, relative to those of the pre-FGGE era, may be attributed,
however, simply to the use of a global forecast domain and tropical
initial data. The crucial importance of these factors to forecast
skill, within the first few days of the forecast period, has become
recognized and understood only within about the last five years. The
purpose of this brief note is to list some papers, appearing from 1980
to 1983, which have helped to illuminate this subject. This list of
papers is strictly limited to the tropical data and domain effect, and
no attempt is made to survey the many other factors that affect
planetary wave predictability.

469

88<




470
DATA AND DOMAIN EFFECTS

The strong influence of tropical initial data and a global forecast
domain was first shown clearly in an ensemble of primitive-equation,
real-data numerical predictions using both global and hemispheric
models (Somerville, 1980). This paper, which also contains a summary
of earlier work, was itself an outgrowth of the model intercomparison
study of Baumhefner and Downey (1978) and used the same ensemble of six
pre-FGGE test cases. These cases were originally chosen by Druyan et
al. (1975) for one of the earliest examinations of the extended-range
forecasts of a more-or-less modern global general circulation model
(somerville et al., 1974). The intercomparison of Baumhefner and
powney (1978) found that this model had superior planetary wave skill,
relative to that of the other models tested. Somerville (1980) showed
that this superior skill was essentially due simply to the use of a
global forecast domain and tropical initial data. A major result of
Somerville (1980) also suggested that the resulting errors might be
associated with the spurious. excitation of large-amplitude external
modes, consistent with earlier diagnostic studies of planetary wave
predictions (Lambert and Merilees, 1978). :

THEORETICAL UNDERSTANDING

The most comprehensive and thorouyh theoretical treatment of this
problem is that of Daley et al. (1381). Using one of the cases of
Somerville (1980), Daley et al. extensively analyzed the modal
structure of both observational data and numerical integrations. They
treated three distinct phenomena, denoted as the tropical data effect,
the hemispheric/global domain effect, and the tropical wall effect.

paley et al., (1981) showed that all three may largely be understood in

terms of the spurious excitation of transient external large-scale
Rossby modes. Such modes can be sufficiently energetic and fast-moving
to produce significant forecast errore in as little as one day.

In an independent and complementary study, Roads and Somerville
(1982) used an extremely simple theoretical framework: a gquasi-linear,
guasi-geostrophic barotropic model, including orography, zonal forcing
and frictional dissipation. Roads and Somerville were able to show
that a hemispheric version of this model could excite anomalous Rossby
waves and produce erronecous short-range planetary wave forecasts in
middle latitudes.

PREDICTION EXPERIMENTS

Several aspects of tropical data and domain effects on midlatitude
large-scale forecasts were clarified by an exchange of correspondence
between Gadd (1981) and Somerville (1981). These papers cite the
results of several numerical prediction experiments. Perhaps the most
striking experimental result was that of Bengtsson et al. (1280) who
used a version of the ECMWF operational model to determine the effect
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of a global domain on “useful predictability.” 1In an ensemble of eight
cases, they found that for the planetary waves the useful predictabil~
ity increased on average by 16 hours when a global rather than a
hemispheric domain was used. Of the eight cases, three showed no
improvemept, three showed a clear improvement, and two showed a
substantial improvement of more than 36 hours. The strong case-
dependence appears to be consistent with the theoretical results of
Roads and. Somerville (1982).

Subsequently, Baker and Paegle (1983) studied the influence of FGGE
tropical wind data on the numerical prediction of planetary waves in an
ensemble of six cases, with the Goddard fourth-order model. They too
found a noticeable effect, "consistent with the results of Somerville
(1980)." Baker and Paegle also confirm that the forecast error
2 “appears in a predominantly barotropic mode as was found in studies by
X Daley et al. (1981) and Roads and Somerville (1982)."

Finally, Temperton (1983) reports results of FGGE experiments in

3 which a global version of the Canadian operational spectral model

/ 1 proeduced clearly more skillful forecasts of p! anetary waves than a
hemispheric version.
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ANALYSIS OF CROSS-HEMISPHERIC INFLUENCES ON THE MONSOON TROUGH
AND TROPICAL CYCIGHE GENESIS DURIHG FGGE
AND DIURNAL SUBSIDENCE DIFFERENCES

William M. Gray and Cheng-Shang Lee
Colorado State University

ABSTRACT

For a number of years our project has been st.dying the cross-equatcrial
(winter to summer hemisphere) procerses that can lead to the day-to-day
alterations in the strength of the monsoon trough. These processes are
also related to the genesis and intensification of tropical storms.

The cross-hemispheric processes that occurred during the FGGE year are
currently being studied with the use of the ECMWF analysis. This paper
briefly describes how the winter hemisphere can affect (1) low-level
cold surge penetration across the equator following cold front passage,
and (2) how upper tropospheric anticyclones of the winter hemisphere
can produce an intensifitation of a tropical cyclone of the opposite
hemisphere.

This paper also presents ECMWF analysis of the Q0Z versus 122
diurnal difference in the clear region (10° diameter) subsidence
occurring in the subtropical Pacific Ocean during FGGE. These
calculations agrece with previous rawinsonde composite results and
appear to offer further substantiation to the previously hypothesized
response process of the troposphere to its large 2-to-1 night versus
daytime differences in net radiational cooling. ' : _

We also attempt to show the general reliability of the FGGE ECMWF
analysis with regad to the specification of the large-scale structure
of tropical cyclones. We are optimistic as to the general validity of
the ECMWF wind analysis, particularly those analyses of the large-scale
that primarily involve the rotational component of the wind field.

INTRODUCTION

Our tropical research project has been performing analysis on the
physical processes associated with tropical cyclone genesis, structure,
and intensity change for a number of years.

The more tropical cyclones are studied, the more we are ¢toming to
realize to what extent these storm systems, and indeed the monsoon
trough itself, is the product of their largér scale surrounding
circulations. One cannot properly underctand the formation and the
intensity change of tropical cyclcnes without often consulting the
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meteorological conditions of the opposite hemisphere. To a large
extent, this is also true of the monsoon trough.

We have started analysis of all 80 tropical cyclones that occurred
during the FGGE year through the use of ECMWF 1.875° grid level IIIb
data. Although this ECMWF analysis cannot well describe the inner
structure of the tropical cyclone, it does show a very good resolution
of the cyclones surrounding flow features at radii greater than 3° to
4° from the storm center. It is this information we have been
concentrating on. This analysis of individual case ECMWF FGGE data
agrees, in general, with what we would have expected from the informa-
tion that had been gained. from our project's previous rawinsonde
composite analysis of these storm systems.

We are finding that there are distinctive large-scale circulation
features that act to bring about the genesis of tropical cyclones.
Cyclone genesis appears to be largely a product of lower tropospheric
Processes. By contrast, cyclone intensification or the later increase
in a cycloae's central inner core wind strength appears to be related
in a substar:tial way to the strength of cyclone's upper tropospheric
outflow channels. Upper tropospheric anticyclonic processes of the
winter hemisphere often appear to play a primary role in the change of
maximum wind strength of a cyclone of the summer hemisphere.

Our beginning look at the question of the diurnal variability
occurring during the FGGE year with the ECMWF analysis indicates that
if one analyzes the divergence over a broad area in the oceanic
subtropical clear zones, the large diurnal cycle of vertical motion and
divergence is aobtained. 1In agreement with our previous rawinsonde
composite analysis of 002 and 12Z rawinsonde data, we find that the
00Z and 122 ECMWF FGGE year analysis of subsidence over oceanic 5°
radius (10° diameter) clear regions also show a distinctive 2-to-1
morning versus evening (morning maximum) subsidence difference. This
agrees very well with the composite results we obtaired in earlier
vears and with our general ideas on night versus daytime tropospheric
radiation being the primary driving mechanism for this diurnal
subsidence cycle.

LOW LEVEL CROSS HEMISPHERIC INFLUENCES ON THE VARIATION
OF THE MONSOON TROUGH--WINTER HEMISPHERE
COLD SURGE INFLUENCE

Western Pacific

The rises in sea level pressure (SLP) that occur behind vigorous
wintertime cold front passage can often be tracked to the equator and
beyond into the opposite hemisphere. This can lead to pressure rises
near the equator and the establishment of west-east pressure gradients
at low latitudes of both hemispheres. This pressure typically occurs
in a surge-type fashion. The equatorward movement of 15 to 20 m//s of
this pressure surge is faster than that of the individual air parcels.
Surges often cause an increase in the cross-equatorial wind and a
strengthening of the monsoon westerly flow of the summer hemisphere,
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FIGURE 1 Mean sea level pressure and gradient level wind analysis for

3 March 1977. Pressure in millibars, wind speed in conventional format
(full barb = 5 m s‘l). (From Love, 1982).

Enhanced westerly wind effects are typically observed through a
tropospheric deep layer from the surface up to at least 400 to 500 mb.
Figures 1 and 2 are a typical example of how a wintertime baroclinic
cyclone system coming out of east Asia can lead to the enhancement of
gradient level winds in Indonesia and North Australia two days later.,
This sequence of events is especially active if the near equatorial
SLP 52 to 10° longitude to the east of the cold surge is lower than
normal. The monsoon trough region can thus have different receptabil-
ities to these winter surges. If pressures along the equator are
already low in the equatorial region to the east of the position where
the surge will penetrate, then the enhancement of westerly winds is
much less noticeable. For instance, if the Solomon and Marshall Island
pressures (see Figure 3) are lower than normal, then surge induced
pressure rises in the Born20 area will be more effective at westerly
wind enhancement. Disregarding abnormal equatorial SLP, day-to-day
changes in SLP are generally correlated with SLP changes in the winter
hemisphere subtropics. The relationship varies however from year to

year in both the strength of the correlation and in the location of the
equatorial response.

Inspection of the synoptic charts reveals that during the 1978 to
1979 season the northern hemisphere cold surges were much further east
than usual. This is quantified in Figure S, which shows a histogram of
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FIGURE 2 Mean sea level pressure and gradient level wind analysis for
5 March 1977. Units as for Figure 1. (From Love, 1982).

the locations of the western edge of cold surges in the MONEX season
compared with the average locations occurring during six other seasons
(including MONEX).

East-west equatorial pressure gradients respond quickly to changes
in pressure in the winter hemisphere subtropics. Love (1982) has made
calculations of the relationships of cold surges to surface pressure
difference for 100 days during the FGGE period of December 1 to March 5
and the period of June 1 to September 7. Figure 4 shows the 600 mb
westerly wind component at Port Moresby and the Borneo-Solomon Island
pressure gradients for the southern hemisphere summer during the 1978
to 1979 FGGE period. Note how closely related Port Mcoresby:- 6CJ mb
westerly wind speed is to Borneo minus Solomon Island pressure gradient.

Indian Ocean

Observational evidence also indicates that the increase of summer time
westerly winds over the Indian continent (and sometimes also the
formation of monsoon depressions in the north Indian Ocean) is often
associated with the passage of strong southern hemisphere cold front
penetration across the Cape of Africa and into the Mozambigue Channel
as indicated by Figure 6. Sikka and Gray (1981) have made preliminary
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were calculated and intervening stations whose wind fields were
correlated with the pressure difference time series.

-

analysis of eight years of daily weather chart data, using South
Africap 1960s and IGY period of 1557 to 1958 plus the 1979 MONEX period.

The phase lag between the southern hemisphere wintertime events and
the northern hemisphere summer events often appears to be related to
the occurrence of vigorous cold air advection and pressure rises that
pass thrcugh the Mozambique Channel and along the east African coast to
the equator or beyond. These northward moving pressure pulses move
faster than the individual northward moving air particles and appear to
be similar to the type of cold air surges that occur along the Asian
coast in winter.

Such eact African cold air induced pressure rises often cause an
enhancement of cross-equatorial flow and a resulting increased west to
east pressure gradient over the Indian region. This enhancément of the
Indian monsoon low level westerly winds may not take place, however, if
conditions within the Indian subcontinent or to the east are not
receptive to the receipt of these southern hemisphere cold surge
influences.

It appears that these southern hemisphere surge influences over
India are strongest when SLP over southeast Asia is lower than normal.
About one third of these east African cold surges are effective at

bringing about a noticcable increase in subcontinent low level
westerlies.
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FIGURE 4 The 600 mb westerly wind component at Port Moresby and the
Borneo-Solomon Islands pressure difference for the winter MONEX
period., (From Love, 1982).

LOW-LEVEL CROSS-HEMISPHERIC INFLUENCES
ON TROPICAL CYCLONE GENESIS

This section discusses how winter hemisphere baroclinic events can

influence the genesis of tropical cyclones in the summer hemisphere
monsoon trough.

There is considerable evidence that tropical cyclone genesis occurs
only when the surrounding large-scale tangential flow to 4° to 8°
radius about a tropical disturbance becomes greater than 2 to 3 m/s.
This is primarily accomplished by surrounding environmental processes

WESTERN EDGE
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FIGURE 5 Histograms giving the longitude of the western edge of
Northern Hemisphere winter cold surges. The long-term (six season)
distribution is contrasted with that for the 1978-79 winter MONEX
period., (From Love, 1982). '
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FIGURE 6 JIdealized view of how a wintertime surge off of South African
east coast can enhance the North Indian low-level westerly current.

that act to convey angular momentum about the center of tropical
disturbance. Angular momentum transport calculations reveal that the
surrounding large-scale cnanges in such a manner that it increases the
import of angular momentum to the genesis point.

Our rawinsonde ard individual case analysis finds strong evidence
that tropical cyclone édevelopment is often influenced by events in the
winter hemisphere. The transition from a quiet (noncyclogenesis) state
to the precyclone condition is often marked by an intensification of
the winter hemisphere Hadley cell. Corresponding to this, there is an
increase in the strength of the monsoon westerlies equatorward of the
precyclone disturbance and in the strength of the upper level
equatorial easterlies. Both the increased cross—equatorial inflow to
the monsoon trcugh and the increased monsoon westerlies occur through a
deep layer from the surface up to about the 400 mb level. The composite
analyses also reveal that the transition to the pregenesis state takes
place over a very large scale.

It appears the forcing from northern to southern hemisphere during
the southern hemisphere summer is guite similar to that operating in
the other direction six months later. The caze studies indicate it is
favorable to have a minimum of lower tropospheric baroclinic action
poleward of the developing disturbance, with an upper level (200 mb)
tropical upper tropospheric trough (TUTT) type disturbance impinging on
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FIGURE 7 Low-level synoptic/wind map for 002 15 August 1979. The
position of TD 13 (Judy) is given by the symbol ®. Thick lines mark
the surface pressure and frontal patterns. Representative 850 mb winds
are shown. The thin dashed lines delineate areas with wind speeds of
10m st (20 kt) or greater. (Adapted from ECMWF and NCC analyses).
(From Askue, 1984b).

it. Baroclinic action pushing relatively close to the equator in the
wvinter hemisphere appears to be a consistent feature. Figure 7 shows
the southern hemisphere forcing for the early stage building of a
tropical disturbance, which eventually became Typhoon Judy on August
19, 1972. Note the strong low-level southern hemisphere winds feeding
into the southern portion of this precyclone on August 15. This
southern hemisphere forcing occurred behind a cold surge moving
eastward from Australia with a high pressure cell over eastern
Aystralia. From consideration of our case studies of tropical cyclone
genesis and from rawinsonde composite analysis of genesis, our
idealized scenario for an equatorial trough tropical cyclone genesis
case can be prepared. The following important synoptic events appear
to occur:
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1. There is intense midlatitude cyclogenesis at about the genesis
longitude in the winter hemisphere three days before genesis.

2. The strong anticyclogenesis in the wake of the developing winter
hemisphere trough moves equatprward to reinforce the subtropical ridge
near latitude 25°.

3. A cold surge in the winter hemisphere propagates equatorward,

raising pressures- from the subtropics to the equator in an area west of
the genesis point.

4. With the establishment of east-west equatorial pressure’
gradients, down-gradient westerly winds occur equatorward of the
eqguatorial trough.

5. Around the time of enhanced equatorial westerlies an anticyclone
has moved slowly eastwards, polewards of the pregenesis cluster,
intensifying the summer hemisphere trade easterlies.

6. Enhanced low level convergence into the intertropical
convergence zone increases convection, with stronger outflow occurring
aloft in the layer 250 mb to 100 mb.

7. The large-scale vertical wind shears induced by the strengthened
Hadley cell lead to warming of the core of the equatorial trough. Such

flows also allow the necessary transports of angular momentum to
support an intensifying vortex.

An idealized picture of northern hemisphere influences on southern
hemisphere cyclone genesis is shown in Figure 8. That of southern
hemisphere influences on northern hemicphere cyclone genesis is shown
in Figure 9.

For a more detailed description of this research, the reader may
consult the CSU project report of Love (1982).

CROSS~HEMISPHERIC INFLUENCES AT UPPER TROPOSPHERIC LEVELS

The FGGE year ECMWF analysis is also Jdemonstrating that, in addition to
the frequently observed low-level cross-hemispheric influences just
discussed, there is also a large number of important and distinctly
upper level cross-hemispheric processes. This is particularly true of
the winter hemisphere's role in the intensification of summer
hemisphere tropical cyclones.

Tropical cyclone intensification is defined as the spin up of the
cyclone's central region of maximum winds. Recent research at CSU
(Holland and Merrill, 1984), too involved to discuss here, is
indicating that the tropical cyclone inner region intensification
(inside 1°© to 2° radius) is likely the result of processes that act
to enhance the cyclone's surrounding upper level outflow channels.

Such an outflow channel enhancement causes a compensating inner region
lower-level inflow and a consequent inner-core wind spin-up. This type
of upper level cross hemispheric influences on tropical cyclone
intensity change ‘are distinctive from the much larger scale
cross-hemispheric processes occurring at lower levels that bring about
the enhancement of the monsoon trough or that lead to cyclone genesis
(increase of tangential wind over a broad 10© wide belt).

101«
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LONGITUDE OF GENESIS
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FIGURE 8 1Idealized gradient level streamline chart for three days
preceding tropical cyclone genesis in the Southern Hemisphere.
Subscripts -3, -2, -1 refer to the position of the synoptic feature

that number of days before genesis. The momentum burst (isotach
maximum) has been shaded. (From Love, 1982).

Impact of the Southern Hemisphere on Northern Hemisphere
Tropical Cyclone Intensification

A strong equatorial anticyclone over the southern hemisphere's tropical
region is extremely favorable for enhancing the equatorward outflow of
a tropical cyclone in the northern hemisphere and vice versa. 1In
particular, when an equatorial anticyclone of increasing intensity to
the southeast of a northern hemisphere tropical cyclone moves westward,
this acts to strengthen the equatorward outflow channel of the tropical
cyclone, often leading to its rapid intemnsificaticn.

Example. On August 16, the tropical depression, which became
Typhoon Judy, was located over the northwest Pacific. It had light
southeast winds above it and a weak upper tropospheric outflow (Figure
10a). During Augqust 17-19, an equatorial anticyclone in the southern
hemisphere to the southeast of this storm moved westward and increased
in intensity (Figures 10b and 10c). This process dramatically changed
the strength of the storm's upper level outflow from southeast to
northeast on August 17. A very strong cquatorward outflow channel was
thus established during this period. Following the enhancement of the
equatorward outflow, the tropical cyclone dramatically intensified from
August 17 to 20. A tropical storm was formed on August 17, and by
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LONGITUDE OF GENESIS
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FIGURE 9 Idealized gradient level streamline chart for three days
preceding tropical cyclcne genesis in the Northern Hemisphere.
Subscripts -3, ~2, -1 ref ¢ to the position of the synoptic feature
that number of days before genesis. The momentum burst (isotach
maximum) has been shaded., (From Love, 1982).

August 20 Typhoon Judy reached its sustained wind speed of 135 kts. A
large number of other examples of similar cyclone intensification have
been found during the FGGE year. This also includes northern

bemisphere 200 mb anticyclone enhancement of southern hemisphere
tropical cyclones.

USE OF ECMWF FGGE IIIb DATA FOR THE STUDY OF THE SURROUNDING
FLOW CONDITIONS RESPONSIBLE FCOR TROPICAL CYCLONE GENESIS

The FGGE Level II1Ib data used are zonal and meridional components of
horizontal wind. These data are extracted directly from the analyzed
pressure levels and have not been subject to any vertical interpolation.
The analysis procedure used a primitive equation forecast for the first
guess, but after the initial analysis step, no model initialization has
taken place. The data are available at 1.875° latitude/longitude
grids and at 15 vertical pressure levels. The pressure levels used in
this study are 100, 150, 200, 250, 300, 400, 500, 700, 850, and 1000
mb, but the following discussion is based on the low level winds only.
For our tropical cyclone studies, the FGGE lata that were initially
on spherical grids have been linearly interpolated onto cylindrical

) 103(
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FIGURE 10 200 mb streamline patterns at 00Z. A Northern Hemisphere
tropical cyclone (Judy) with an equatorward outflow channel intensified
when an anticyclone over the opposite hemisphere moved close to it.
From 17 to 19 August Judy‘'s maximum sustained wind increased from 50 to
125 kts. (a) 16 August 1979 (V.. = 50 km), (b) 17 August 1979

(Vmax = 80 kts) and (c) 19 August 1979 (Vpuax = 135 kts). (From

Chen and Gray, 1984).

grids. = There are 13 radial and 16 azimuthal grid segments. The grid
spacing is 1© latitude radius (starting from 29 out from the

cyclone center) and 22.5° azimuth. The cylindrical grid point data
of zonal and meridional wind components (u, v) are then converted to
radial and tangential wind components (v, v¢) with respect to the
cyclone center. The results presented in this paper use only the
tangential winds, which are considered more reliable than the radial
wind.
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RESULTS FROM FGGE DATA FOR TYPHOON JUDY:
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FIGURE 11 Comparison of FGGE year tangential wind for Typhoon Judy in
its early and late stage with results of rawinsonde composite analysis.

A question that must be answered is: How well can the FGGE data
represent the surrounding circulation of the tropical cyclone? To
answer this, the azimuthal average of the tangential wind obtained from
the FGGE data was compared to the composite results of McBride and Zehr
(1981). Although the variations among individual cases are large, the
composite wind field is still a good aid for comparison purpose.

Figure 11 shows the results of a typical case (Typhoon Judy) compared
to the composites. The fiqure reveals that beyond 4° to 5°

latitude radius from the cyclone center the composites and FGGE
analyses are very similar. At the early stage of development, the FGGE
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data seem to be able to resolve the circulation as close as 27
latitude from the cyclone center. These comparisons indicate that it
appears reasonable to use the FGGE IIIb data to quantitatively study
large-scale influences on tropical cyclone development if some caution
is taken.

We have extensively studied the low level surrounding circulation
patterns and the maximum sustained wind near the center, Vmaxr for
all 39 tropical cyclone systems in the northwest Pacific, northwest
Atlantic, and north Indian Oceans during the 1979 FGGE year (see Table
1). Results indicate that there is generally not a simultaneous and
direct change in Vmax near tle center and 850 mb tangential wind at
6° radius. Results also show that for two thirds of the cases, the-
buildup of the surrounding circulation occurred prior to major intensi-
fication near the center. The time period during which the system's
surrounding circulation undergoes significant buildup (without major
increase in Vp,,) is defined as the tropical cyclone genesis stage.

The next developmental stage, in which the inner core maximum susta’ned
winds increase, is defined as intensification. The intensification
stage often is accompanied by a decrease in the surrounding circulation
tangential winds. This indicates that intensification is more of a
concentration process of angular momentum.

The buildup of the surrounding circulation requires an inward
horizontal angular momentum transport. Results have indicated that the
surrounding large~scale low level flow, such as the cross—-equatorial
surge discussed in section 3, forces the circulation to spin up at
larger radii in the genesis stages. This buildup then moves slowly
inward as the large-scale forcing is maintained resulting in the
genesis of a tropical cyclone.

DIURNAL VARIATION OF CLEAR REGION SUBSIDENCE
CALCULATED FROM ECMWF ANALYSIS

For a number of years our CSU project has been investigating the large
diurnal variation of tropospheric vertical motion which the first
author has long hypothesized is primarily a result of the known 2-to-1
differences in night versus daytime net tropospheric radiational
cooling. Our previous rawinsonde conmposite analysis of 007 versus 122
clear region subsidence (as detected from satellite images) in the
western Pacific (see Figure 12), western Atlantic, and GATE regions
have consistently shown or implied a distinct morning maximum and an
evening minimum in clear region subsidence (see McBride and Gray,
1980a,b). These nearly 2-to-1 differences in observed clear region
subsidence closely correspond in magnitude to the differences of
daytime versus night net radiational cooling with a time lag of about 4
to 6 hours for the adjustment of the wind to the radiational forcing,
A question arises as to whether the ECMWF IIIb analysis fields as
they were developed for FGGE year analysis were capable of detecting
such 00% versus 122 clear region diurnal subsidence variations from
calculations of the horizontal divergence of the wind fields. Some
meteorologists have voiced the opinion that the ECMWF initialization
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Harimus serfase

wisd (kts) v a2 (kte) No. of days
System Period and winimom seu level n‘ initial to reach mazi-
Name {No, of dsys) pressure (ab) time BB 1ateasity
E! EIC!“S
TY Rees March 18-25 (8) s0(958) 15 5.0
TY Cecil April 08-20 (1)) 80(95S3) 13 1.8
TS Dot Mey 06-18 (10) 40(984) 15 8.0
TD 08 Mayl7-24 (8) JOL958) 20 7.0
TY Eills Jupe 23-Juiy 05 (i3} 85(933) io 10.0
TS Faye June 29-July 07 (9) 40(998) 15 $.0
> 08 Jaly 23-26 (3.%5) 20(1004) 13 0.5
TS Gordon Julyl5-29 (§) €0(980) 13 2.3
STY Rope July 24-Aug. 03 (11) 130(898) 20 7.0
T 13 Avg. 02-06 (5) 25(97) 13 3.0
TY lrving Asg, 07-17 (11) 92G(954) 20 7.3
STY Jeudy Ang. 135-26 (12} 115(887) 13 5.3
T 14 Asg. 16-20 (S) 20(1006) 10 2.8
TS Ken Aog. 30-Sept. 04 (6) 60(98S3) 1S s$.0
TY Lola Ang. 31-Sept. 03.(9) $0{ 95 10 6.3
TY Mac Sept. 11-24 (14) J0(984) 10 6.0
TS Nancy Sept. 17-22 (6) 45(993) 20 2.25
TY Owen Sept. 19-30 (12) 110(918) 10 7.0
TS Pamela Sept. 23-26 (4) 43(1002) 15 2.5
TS Roger Sept. 30~0ct. 07 (8) 43(983) i0 5.0
TY Sarad Oct. 01-15 (15} 110(929) 1s 9.0
STY Tip Oct. ©3-19 (17) 160(870) 10 9.0
STY Vers Oct. 28-Nov, 07 (11) 140(91 %) 10 7.0
TS Wayne Nov. 07-13 (7) 50(990) 13 3.0
NW_Atjantic
TS Asa Jone 1923 (35) so 28 3.0
EC Bod July 09-16 (8) 63 20 1.5
TS Clandetts July 135-29 (135) 3s(45)e 20 2.0
BC David Aug. 25-Sept, 08 (15) 150 25 5.8
TS Elens Aug. 30-Sept. 02 (3.5) 35 23 1.0
BC Frederic hug. 29-Sept. 14 (17) 65(115) 28 3.0°
HC Gloris Sept. 04-15 (12) 33 25 8.8
BC Berri Sept. 15~24 (10 7 28 2.5
N, Jndian Oceas
TC 17 Hay 08-12 (8) 85(967) 20 6.0
TC 18 Jepe 17-20 (4) 50(985) 25 3.0
TC 22 Sept. 20-23 (4) 25(1000) 20 1.8
TC 23 Sept. 18-24 (7) 55{(980) 13 $.0
TC 24 Oct. 29-Nov. 01 (4) IS(9¢S) 20 1.8
TC 25 Nov., 14-17 (4) 40 (9%4) 20 2.3
TC 26 Kov, 20-25 (6) 30(995) 13 3.3

*There were 2 pesks for V

the second peal.

. The values withic the parentbesis are
This uuay ounly cossiders tbhe first pesk,

procedures tend to eliminate the larger portion of the divergence
fields and would, consequently, suppress much of the real diurnal

divergence signal.

Although there have been problems with ECMWF
diurnal analysis using 062 and 182 data, we have been led to believe

through discussion with Paul Julian of the National Center for
Atmospheric Research that the ECMWF IIIb divergence field may be

reasonably satisfactory if one uses only 00Z and 122 data and if one
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FIGURE 12 Portrayal of the typical western Pacific subtropical clear
regions used in the calculation of 002 vs. 12Z subsidence.

only attempts to estimate the divergence on large horizontal scales of
10° latitude or more.

To verify how well the ECMWF IIIb uninitiallized analyzed wind fields
might represent the expected differences in 00Z versus 12Z subsidence
occurring in subtropical clear regions we have made direct calculations
of such subsidence at these time periods in western Pacific subtropical
clear regions during May and June 1979. The Japanese SMS satellite was
used to locate the clear regiors that were cloud free or nearly cloud
free over a 10° latitude-longitude belt (Figure 12). ECMWF 1.875°
initial unsmoothed wind data were obtained from NCAR and converted to a
cylindrical grid that we use for our tropical cyclone studies. Mean
divergence values were made relative to the center of each clear region
at 5° radius (or 10° diameter) at all tropospheric levels up to 100
mb., A mass balance correction was applied to each level to assure that
the 1000 mb to 100 mb net divergence was zero. Vertical motion was
then kinematically calculated from the iadividual level corrected
divergences. S e o i e

Thirty-one cases of 00Z versus 122 Eshsidence wed
and 33 cases in June. Figure 13 shows a composite analysis of 002
versus 12Z subsidence for the May and for the June cases separately.
Note how distinctly greater the 00z subsidence (09 to 10 LT) is
compared with the 122 subsidence (21 to 22 LT). These calculations
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FIGURE 13 Comparison of 00Z vs.12Z 10° wide subsidence in western
Pacific subtropical clear regions.

agree very well with the independently calculated composite diurnal
vertical motion variatien that we have previously made directly from
our rawinsonde data sets (Figure 14) where none of the usual modeling
smoothing or filtering analysis procedures have been employed.

Discussion. Note that these 00Z versus 12Z subsidence differences
are clcse to the expected differences in clear region subsidence due to
2-to-1 night versus day differences in net radiational cooling (with a
4 to 6 hour lag) and to the previous rawinsonde composite results. It
would appear that the ECMWF FGGE unsmoothed IIIb level wind analysis
gives reasonably accurate divergence and vertical motion values if such
divergence and vertical motion analysis is applied on a large enough
scale.

If these western Pacific diurnal subsidence calculations are
correct, then a compensating diurnal variation in upward vertical
motion must be occurring somewhere else. It is of interest to note
that heavy rain events (>1 cm/hr) in the western Pacific have a very
distinctive morning maximum and a quite pronounced evening minimum.

For many years the first author has believed in the fundamental
importance of the inclusion of tropospheric radiational cooling in the
hemispheric and global PE models. It would appear that for the proper
initialization of the global models, with as representative a
divergence field as possible, that consideration will have to be aiven
to the large 2-to-l night versus day radiation differences and the
consequent differences in wind divergence that these radiational
differences generate, To make use of diurnal radiation information for
global model initialization, one would have to take into account the
time of day as well as cloudiness. We are somewhat surprised at the
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. WEST PACIFIC CLEAR AREAS
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FIGURE 14 Mean vertical velocity within the r = 0-3° area for
western Pacific clear areas.

siowness of the global community to incorporate radiation and its
obvious large day versus night differences into their models.

Does the inclusion of radiation in the global models require so much
computation time and need to be so vigorously applied? Could not
radiation be included in the giobal model in a rather simple empirical
manner in terms of time of day and upper tropospheric vertical motion
(cloudiness)? Might it not be better to have some representation of
the diurnal radiation cycles in the numerical models (no matter how
imperfect) than none at all? One of the big lessons to be learned from
the various oceanic tropical experiments over the last 15 years has
been the large magnitude of the diurnal cyclone of vertical motion over
the ocean regions where lapse rate conditions do not undergo their
usual diurnal variation as they do over land. Many tropical land areas
also have a morning maximum of deep convection.

SUMMARY AND DISCUSSION
We are finding the FGGE ECMWF IIIb analysis a unigue and special data
set compared with anything that has been available in the past. This

data set is particularly valuable if it is used in conjunction with SMS
satellite images. But much hard work and frustration are involved in
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rendering the raw IIIb rectangular grid point information available on
magnetic tape for useful individual weather system calculations in
other coordinate arrangements.

Nevertheless, this quite special data set employing identical
analysis procedures at all time periods allows us at CSU the ability to
begin quantitative case analysis of the individual tropical cyclone and
of other weather phenomena, where in the past, poor data coverage and
non-uniform analysis procedures have required us to rely more on a

composite as compared to an individual case approach. This new FGGE

ECMWF analysis is now allowing us the ability to handle the individual
case.
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CROSS-EQUATORIAL AND BOUNDARY LAYER EXCHANGE: A FGGE REVIEW

John A. Young
University of Wisconsin, Madison

ABSTRACT

The Global Weather Experiment (FGGE) provided unique data on the
interesting phenomenon of cross-equatorial flow. Such motion is a key
element of the seasonal cycle of the tropics, especially in monsoonal
regions. This paper reviews the IIb observations, IIIb assimilations,
and implied dynamics of the flows. Additional emphasis is given to the
low-level branches concentrzted in the planetary boundary layer, includ-
ing air-sea interaction and vertical turbulcnce processes. The results
of a recent MOKEX Boundary Layer Workshop are summarized at the end.

LARGE-SCALE FLOW DYNZMICS

Geostationary satellite data were essential to FGGE becazuse (a) wind
observations are critical in the tropics and (b) the entire trcpical
belt was covered. More than a million wind vectors described the

900 mb flow on the oceans very well, and the 200 mb flow adequately.
The Indian Ocean data were especially unique in that they proviced the
first complete view of the Indian monsoon system (e.g., Young et al.,
1980; virji, 1981)., Figure 1 shows the mean July flows (m/s) from
those data. Both levels tend to contain some of the strongest cross-
equatorial motion. These satellite data were supplemented on occasion
by FGGE ¢nd MONEX (May-July) dropsonde winds and the BALSAMINE
low-level free balloon flights (Cadet et al., 1981).

Low-Level Flow

A valuable IIb surface data set has been constructed for the FGGE
tropical belt at the~6niversity of Wisconsin-Madison (e.g., preliminary
note, Wylie et al., 1983). It is based on a merger of ship winds and
satellite winds modified empirically. Figqure 2 shows means for January
and July: northward cross-equatorial winds of 3 m/s or more are
typical in both seasons over the eastern Pacific and ea.tern Atlantic.
In contrast, the Asian ronsoon creates significant cross eqguatorial
flow toward the summer Lemisphere over the Indian Ocean and western
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FIGURE 1 HMean 900 mb July 1979 flow (m/s) from GOES winds (Young et
al., 1980). ‘

Pacific. The strongest case is found in the entrance to the Somali
Jet/Southwest Monsoon complex, which maximizes near 900 mb (Figure 1).
¢ and x fields computed by Krishnamurti and Ramanathan (1982) show
that this cross-equateorial wind cortains a divergent component that is
nearly as strong as the rotational one (Figure 3).

Information on the interannual variability of surface cross-
equatorial flow has been emerging: (1) over the Indian Ocean, Cadet
and collaborators (13981, 1983) have studied the 